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CONSTITUTION  OF  IRON- BORON  ALLOYS  IN  THE 


LOW  BORON  RANGE* 

M.  E.  Nicholson 
(Submitted  to  Trans.  A.I.M.E.) 

Abstract 


The  solid  solubility  of  boron  in  iron  has  been  determined  by  saturat- 
ing iron  with  respect  to  Fc2B  at  several  temperatures  from  870°  to  1135°C. 
In  alpha- iron  the  maximum  solubility  was  found  to  be  0.002  per  cent  B and 
in  gamma-iron  the  solubility  varied  from  0.001  per  cent  at  915°C  to  0.020 
per  cent  B at  1165°C.  The  eutectic  and  periiectoid  temperatures  were  found 
to  be  1165°  and  911°C  respectively  and  the  gamma- iron  solidus  was  located 
approximately  at  0.020  per  cent  B. 
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Recent  investigations  of  boron-treated  steels  ' indicate  that  the  solu- 
bility of  boron  in  austenite  is  of  the  order  of  0.003  per  cent  at  900°C.  This 
has  led  to  the  general  belief  that  the  solubility  of  boron  in  alpha  and  gamma 
iron  is  considerably  less  than  that  indicated  by  Wever  and  Muller. ^ There- 
fore the  solid  solubilities  of  boron  in  alpha  and  gamma  iron  have  been  rede- 
termined. The  eutectic  and  peritectoid  temperatures  were  also  remeasured 
and  the  gamma-iron  solidus  was  studied  in  some  detail. 

In  1929  Weber  and  Milller  investigated  the  phase  equilibria  of  iron- 
boron  alloys.  Figure  1 shows  the  solid  solubility  region  of  the  iron-boron 
diagram  based  on  their  investigation.  They  found  that  boron  lowered  the 
A4  transformation  temperature  to  1381°C  where  saturated  delta  solid  solu- 
tion "which  must  contain  about  0.15  per  cent  B"  and  "gamma  solid  solution 
containing  about  0.10  per  cent  B"  are  in  equilibrium  with  liquid  containing 
1.9  per  cent  B.  At  the  eutectic  temperature  of  1174°C,  gamma  solid  solu- 
tion was  found  to  contain  "about  0.15  per  cent  B. " A peritectoid  relation 
was  found  to  exist  between  alpha  and  gamma  iron  with  an  invariant  temper- 
ature at  915°C,  where  the  boron  solubility  in  gamma  iron  was  "about  0.10 
per  cent  B"  and  the  solid  solubility  in  alpha  iron  "did  not  exceed  0.15  per 
cent  B.“  Although  most  of  their  investigation  was  made  using  thermal  anal- 
ysis and  metallography,  the  solid  solubility  of  boron  in  alpha  iron  was  es- 
tablished using  X-ray  lattice  parameter  measurements. 

Because  of  the  apparent  success  of  Wever  and  Mliller  in  using  the  X- 
ray  lattice  parameter  technique  as  a means  of  determining  the  limit  of  sol- 
id solubility  in  alpha  iron,  several  precision  lattice  parameter  measure- 
ments were  made  of  a decarburized  high-purity  iron  and  an  iron-0.011  per 
cent  boron  alloy. 

The  iron-boron  alloy  was  prepared  by  boronizing  (as  described  below) 
a rod  of  decarburized  iron  to  produce  a case  of  iron  boride,  Fe2B,  and  an- 
nealing it  in  vacuo  at  1100°C  until  the  core  was  saturated  with  boron.  The 
iron-boron  alloy  was  then  annealed  a second  time  in  vacuo  for  60  hours  at 
905°C  and  quenched  into  oil.  350-mesh  filings  of  this  alloy  and  of  the  spec- 
imen of  iron  were  then  mixed  with  fine  alundum  powder  to  prevent  sintering 


* This  work  was  partially  supported  by  the  Aeronautical  Research  Lab- 
oratory, Wr ight-Patterson  Air  Force  Base,  Ohio,  under  Contract  AF 
18(600)-12. 
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Fifi.  1.  Portion  jf  iron-boron  equi- 
librium diagram  after  Weber  and 
Muller 

and  grain  growth  during  the  final  heat  treatment.  The  powders  were  final- 
ly heated  in  purified  helium  for  15  min  at  905°C  and  quenched  into  brine, 
after  which  the  metal  filings  and  alundum  were  separated  magnetically. 
Lattice  parameter  measurements  were  made  of  the  two  samples,  using  a 
50  mm  back  reflection  focusing  camera  and  unfiltered  cobalt  and  chromi- 
um characteristic  radiations.  The  lattice  parameters  of  the  alloys  were 
computed  by  using  Cohen's  least  squares  method,  yielding  the  following 
values: 


Iron  at  20°C  = 2. 8604  + O.OOOlA 
Fe-B  alloy  at  20°C  - 2.8665  - O.OOOIA 

Since  the  difference  between  these  values  was  so  small,  it  was  concluded 
that  the  X-ray  method  was  unsatisfactory  for  studying  the  variation  of  the 
solid  solubility  of  boron  in  iron  with  temperature. 

A more  suitable  method  for  investigating  the  extremely  limited  solid 
solubility  of  boron  in  iron  was  considered  to  be  by  means  of  a chemical 
analysis  of  the  saturated  solid  solution.  In  addition  to  the  investigation  of 
the  solid  solubility  of  boi'on  in  iron,  the  peritectoid  and  eutectic  tempera- 
tures were  measured  by  standard  thermal  analysis.  Metallographic  tech- 
niques were  used  to  establish  the  location  of  the  gamma  solidus  line  and  to 
verify  the  eutectic  temperature. 

Experimental  Details  and  Results 

Determination  of  Solid  Solubility  of  Boron  in  Alpha  and  Gamma  Iron: 

In  a tw'o-component  system  the  solid  solubility  of  a terminal  solid  solution 
may  be  determined  by  allowing  diffusion  to  occur  between  a pure  metal  and 
the  intermediate  phase  which  may  co-exist  until  equilibrium  is  reached. 
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and  then  analyzing  the  saturated  solid  solution  for  the  solute  element.  For 
determining  solid  solubility  of  boron  in  iron,  the  diffusion  couple  should 
consist  of  iron  and  iron  boride,  Fe2B. 

To  make  the  couples,  pieces  of  vacuum-melted  high-purity  iron  cut 
from  a 3 in.  diameter  ingot  obtained  from  the  National  Research  Corpora- 
tion of  Cambridge,  Mass.,  were  swaged  into  rods  about  1/4  in.  in  diameter. 
The  iron  ingot  had  the  following  analysis:  0.0035  per  cent  C,  0.001  per  cent 
Mn,  0.008  per  cent  Si,  0.054  per  cent  Ni,  0.001  per  cent  Mg,  0.001  per  cent 
Cu,  0.005  per  cent  O,  and  0.00015  per  cent  N.  Three-inch  lengths  of  the 
iron  rods  were  placed  in  an  alundum  boat  and  surrounded  with  boron  pow- 
der obtained  from  the  Cooper  Metallurgical  Associates,  Cleveland,  Ohio, 
designated  as  Grade  A 325  mesh  powder.  This  boron  contained  0.22  per 
cent  C and  0.38  per  cent  Fe  and  99.30  per  cent  B.  The  specimens  were 
then  heated  in  a dry  hydrogen  atmosphere  at  a temperature  of  900°C  for  2 
or  3 hr.  As  a result  of  this  treatment*  an  iron  boride  case  approximately 
0.005  in.  thick  was  produced  on  the  surface  of  the  iron  rods,  such  as  shown 
in  Fig.  2. 


Fig.  2.  Microstructure  of  a high  purity  iron  boronized  3 
hours  at  900°C  showing  iron  boride,  Fe.2B,  case.  Etched 
with  picral-nital  duplex  etch,  XI 50. 

X-ray  diffraction  of  the  case  showed  it  was  completely  Fe2B.  Thus 
this  technique,  which  will  be  referred  to  as  boronizing,  was  suitable  for 
producing  the  desired  couples  for  the  solid  solubility  studies.  The  method 
had  two  advantages  over  the  normal  welding  technique  for  producing  diffu- 
sion couples.  First,  it  produced  an  iron-iron  boride  interface  which  was 
continuous  and  free  from  contaminants  such  as  B2O3;  second,  as  chemical 
analysis  showed,  the  case  was  formed  without  measurable  carbon  pickup. 

Thus  the  contaminant  which  had  been  considered  a major  cause  of  error  in 
earlier  determinations  of  Fe-B  phase  equilibria  was  eliminated. 

Although  no  detailed  study  has  been  made  of  the  gas  transfer  process, 
several  characteristics  of  the  process  were  noted.  It  was  found  that  virtually 


* Previous  work  at  this  Institute  by  S.  Harper  had  shown  the  feasibility 
of  this  method. 
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no  boron  was  transferred  to  the  iron  if  the  treatment  was  carried  out  in 
vacuum  or  in  helium.  Even  in  a hydrogen  atmosphere,  boron  transfer  was 
negligible  unless  the  iron  was  intimately  surrounded  with  boron  powder. 

The  iron- iron  boride  specimens  were  annealed  in  vacuo  for  periods 
listed  in  Table  I.  Calculated  from  data  of  Wells, all  specimens  were  an- 
nealed for  periods  sufficient  to  saturate  the  iron.  The  sample  shape  and 
size  were  chosen  so  that  (1)  after  boronizing  and  annealing  to  saturation  a 
metallogr aph ic  specimen  could  be  taken  for  determining  the  iron  boride 
case  depth;  (2)  the  iron  boride  case  could  be  easily  and  completely  removed; 

TABLE  T 


Data  for  Solid  Solubility  Determination 


Saturation  Anneal 

Spec. 

Analysis,  Weight  Per 

Cent 

Time  Hrs. 

Dia. , In. 

Boron 

Oxygen 

FaBBWWisWI 

1135 

6.0 

0.06^ 

0.019 

— 

— 

— 

1125 

48 

0.25 

0.015 

0.0036 

0.0016 

0.0134 

1125 

48 

0.25 

0.015 

0.0058 

0.0026 

0.012 

10 

0.18 

0.013 

0.0043 

0.002 

0.010 

1100 

30 

0.18 

0.012 

0.0038 

0.0017 

0.011 

30 

0.18 

0.011 

A1  treated 

30 

0.18 

0.010 

n M 

1075 

72 

0.25 

0.0095 

0.0036 

0.0016 

0.0081 

72 

0.25 

0.010 

0.0053 

0.0024 

0.0076 

85 

0.18 

0.0044 

0.0046 

0.0021 

0.0023 

85 

0.18 

0.0057 

0.0047 

0.0021 

0.0036 

1000 

85 

0.18 

0.0031 

A1  treated 

1000 

85 

0.18 

0.0032 

M n 

925 

165 

0.18 

0.0032 

0.0044 

0.0020 

0.0012 

925 

165 

0.18 

0.0033 

0.0048 

0.0022 

0.0012 

925 

165 

0.18 

0.0036 

A1  treated 

900 

72 

0.18 

0.0043 

0.0046 

0.0021 

0.0022 

900 

72 

0.18 

0.0039 

0.0045 

0.0020 

0.0019 

900 

72 

0.18 

0.0020 

A1  treated 

1 900 

72 

0.18 

0.0017 

n M 

870 

175 

0.18 

0.0038 

0.0050 

0.0022 

0.0016 

870 

175 

0.18 

0.0038 

0.0046 

0.0021 

0.0017 

870 

175 

0.18 

0.0022 

A1  treated 

800 

D 

— 

0.0022 

0.0017 

0.0008 

0.0014 

Flat  Specimen 
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and  (3)  samples  could  be  prepared  for  chemical  analysis  without  contami- 
nation. After  the  saturation  anneal,  a rietallographic  specimen  from  the 
middle  of  the  rod  was  examined  to  determine  the  maximum  depth  of  case. 
Generally,  0.005  in.  more  than  the  maximum  case  depth  was  removed  by 
grinding  to  completely  remove  the  iron  boride  case.  After  removing  the 
case,  an  additional  0.005  in.  was  turned  off  on  a lathe  to  remove  any  metal 
which  may  have  had  embedded  Fe2B  particles.  A sample  of  about  100  mil- 
ligrams was  then  carefully  turned  off  for  chemical  analysis. 

Boron  analyses  were  made  using  the  colorimetric  (quinalizar in)  tech- 
nique developed  by  the  Youngstown  Sheet  and  Tube  Company  and  described 
by  Dean  .and  Silkes.^  However,  it  was  modified  to  the  extent  that  a photo- 
densitometer was  used  for  measuring  densities  of  the  final  solution.  The 
densities  were  measured  at  a wavelength  of  610  millimicrons.  Using  boron- 
steel  samples  obtained  from  the  National  Bureau  of  Standards,  the  colori- 
metric method  was  found  to  have  an  accuracy  of  about  10  per  cent  at  con- 
centrations of  0.004  per  cent  B and  about  20  per  cent  at  concentrations  of 
0.001  per  cent  B.  The  results  of  saturation  experiments  are  shown  in  Ta- 
ble I and  are  presented  graphically  in  Fig.  3.  The  800°C  data  were  obtained 
from  diffusion  data  of  boron  in  iron.^ 


70  7.5  ao  , as  ao  as 

TEMPERATURE,)^, OEG.K-'  *I0'^ 


lO 

o 

K 


UJ 

o 


cr 

UJ 
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Fig.  3.  Logarithm  of  boron  content  of  saturated 
iron  specimens  and  corrected  boron  content 
plotted  as  a function  of  reciprocal  temperature. 


To  determine  whether  the  calculated  annealing  times  were  sufficient 
to  saturate  the  core  of  the  solid  solubility  specimens,  chemical  samples 
were  taken  from  the  outside  of  the  core  (after  removing  the  case)  and  the 
center  from  several  annealed  rods.  Analysis  of  these  samples  showed  the 
boron  content  of  the  center  was  higher  than  that  of  the  outside.  It  was  sus- 
pected that  an  impurity  such  as  oxygen  which  was  more  concentrated  at  the 
center  than  at  the  outside  was  precipitating  as  a boron  compound. 

To  determine  whether  oxygen  was  affecting  the  boron  content  of  the 
iron,  several  solid  solubility  samples  of  low  oxygen  iron  were  prepared 
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from  an  aluminum-trt!ated  iron.  To  prepare  this  alloy,  150  grams  of  high 
purity  iron  was  induction-melted  in  vacuo  in  a recrystallized  alumina  cru- 
cible. When  the  iron  was  molten,  5 g of  an  Fe- 10  per  cent  A1  alloy  was 
added.  The  ingot  was  homogenized  in  vacuum  and  finally  swaged  to  0.180 
in.  diameter.  Analysis  of  this  ingot  showed  0.124  per  cent  free  aluminum 
and  0.028  per  cent  AI2O3.  The  boron  analyses  of  the  aluminum-treated 
specimens  are  included  in  Table  I and  Fig.  3 and  shown  graphically  in  Fig. 
4,  where  the  boron  content  of  several  alloys  is  plotted  as  a function  of  oxy- 
gen content.  The  uncombined  oxygen  of  the  aluminum-tr eated  specimens 
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Fig.  4.  Influence  of  oxygen  content  on  boron 
content  of  saturated  iron  specimens. 


was  assumed  to  be  less  than  0.0005  per  cent.  At  the  left  a line  has  been 
drawn  which  has  for  its  slope  the  combining  ratio  of  oxygen  to  boron  in 
B2O3.  This  slope  equals  2.18  wt.  % O/wt.  % B.  From  these  data  which  in- 
dicate that  oxygen  in  the  iron  combines  stoichiometr ically  with  boron  to 
form  B2O3,  it  was  apparent  that  to  obtain  the  solid  solubility  of  boron  in 
iron,  the  boron  contents  of  the  iron  specimens  would  have  to  be  corrected 
for  the  influence  of  oxygen.  The  oxygen  content  of  the  solid  solubility  spec- 
imens was  measured  by  vacuum  fusion  analysis.  These  data  are  shown  in 
Table  I as  well  as  the  corrected  or  oxygen-free  boron  contents. 

Determination  of  the  Eutectic  and  Peritectoid  Temperatures:  The  eu- 
tectic temperature  was  determined  by  thermal  analysis,  using  a vacuum- 
melted  iron  3.5  per  cent  boron  alloy  which  was  remelted  in  vacuo  in  a re- 
crystallized alumina  crucible.  The  temperature  was  measured  by  means 
of  a platinum-platinum- 10  per  cent  rhodium  thermocouple  which  was  pro- 
tected by  an  alundum  protection  tube.  The  alloy  was  heated  to  12  50°C  and 
allowed  to  cool  at  about  0.3°C  per  min.  Although  the  sample  was  not  stirred 
during  cooling,  only  a slight  super-cooling  occurred.  At  1159°C  the  temper- 
ature remained  invariant  for  15  min. 
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The  eutectic  temperature  was  also  checked  metallographically  using 
alloy  iron-0.6  per  cent  boron  alloy.  The  alloy  was  first  cold-worked  and 
homogenized  at  1100°C  to  destroy  the  eutectic  structure  of  the  ingot.  Quar- 
ter-inch diameter  wafers  1/8  in.  thick  were  heated  at  the  desired  tempera- 
ture in  purified  helium  for  from  10  to  30  min  and  then  slowly  cooled.  Fur- 
nace temperatures  were  measured  with  a calibrated  platinum-platinum- 1 0 
per  cent  rhodium  thermocouple.  At  1 160°C  no  melting  was  observed.  At 
1 165°C,  after  10  min,  some  melting  occurred  as  indicated  by  small  areas 
of  a eutectic  in  the  microstructure  of  the  sample.  The  sample  heated  for 
10  min  at  1170°C  showed  a complete  eutectic  network.  Thus  the  eutectic 
temperature  was  considered  to  be  1165°  5°C. 

The  influence  of  boron  on  the  A3  transformation  of  iron  was  studied 
using  a differential  method  of  thermal  analysis  in  which  the  transformation 
of  an  iron-boron  alloy  was  compared  with  the  transformation  of  iron.  A 
sample  of  decarburized  iron  1/4  in.  in  diameter  and  5/8  in.  long  was  used 
as  a reference  material.  The  iron  was  decarburized  by  treating  in  wet  hy- 
drogen for  24  hr  at  850°C  followed  by  a 48-hr  treatment  in  dry  hydrogen  at 
the  same  temperature.  A hole  l/lO  in.  in  diameter  and  5/16  in.  long  was 
drilled  on  the  axis  of  the  sample  to  accommodate  a thermocouple.  The  iron- 
boron  alloy  was  made  of  a similar  sample  of  iron  which  had  been  boronized 
and  annealed  to  saturation  at  1125°C,  producing  an  alloy  containing  about 
0.015  per  cent  B.  The  samples  were  placed  in  contact  with  26-gage  chromel- 
alumel  thermocouples  in  a cylindrical  block  of  steel  1 in.  in  diameter  and 
3-1/2  in.  long  which  had  been  split  in  half  longitudinally  and  machined  to  ac- 
commodate the  specimens  and  thermocouples.  The  block  was  supported  on 
a tripod  so  that  it  would  be  centered  in  the  3-1/2  in.  diameter  quartz  furnace 
tube.  The  thermal  analysis  was  performed  in  vacuo,  instead  of  using  a 3- 
wire  differential  thermocouple  arrangement,  2 wires  were  substituted  for 
the  common  one  so  that  the  couples  were  electrically  separate.  Tempera- 
ture measurements  of  the  2 specimens  were  made  simultaneously,  using 
Type  B Rubicon  potentiometers.  After  making  several  heating  and  cooling 
curves,  the  specimens  were  interchanged  and  the  measurements  repeated. 
The  heating  and  cooling  rate  of  about  l/4°C  per  min  was  controlled  using  a 
Wheelco  program  controller  in  conjunction  with  an  Exactline. 

As  a check  of  the  method,  an  additional  run  was  made  using  2 speci- 
mens of  the  decarburized  iron.  Since  iron  was  used  as  a reference,  the 
couples  were  not  calibrated.  The  results  are  shown  in  Table  II.  The  tem- 

TABLE  II 

Temperature  of  a - 7 Ti  ansformation  of  Iron  and 
Iron- Boron  Alloy  Determined  by 
Termal  Analysis 


Spec . 

Direction 

Temp 

. °C 

T.  C.  1 

T.  C.  2 

Fe-B 

Heating 

913.2 

913.5 

Fe 

M 

911.7 

912.6 

Fe(check) 

f » 

911.8 

912.5 

Fe-B 

Cooling 

910.6 

911.0 

Fe 

ft 

908.5 

909.9 

F e(check) 

1 1 

909.0 

909.9 
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perature  variation  between  successive  runs,  made  without  changing  speci- 
men positions,  was  0.1°C  or  less;  therefore,  data  listed  are  the  average  of 
several  r uns  to  the  nearest  0.1°C.  From  these  data  the  average  tempera- 
ture difference  between  Fe-B  alloy  and  the  reference  iron  was; 

Heating:  1.2  i 0.25°C 

Cooling:  1.5  t 0.4°C 

The  Fe-B  alloy  transformed  at  a higher  temperature  than  the  transforma- 
tion of  iron,  both  on  heating  and  cooling. 

Determination  of  the  Solidus:  The  solidus  line  was  determined  metal- 
logr aphically  at  1185°,  1250°,  and  1350°C,  using  several  arc-melted  iron- 
boron  alloys.  The  oxygen  content  and  corrected  boron  content  of  these  al- 
loys is  shown  in  Table  111.  The  samples  were  treated  at  the  desired  tem- 

TABLE  111 

Analyses  of  Arc-Melted  Iron- Boron 
Alloys  Weight  Per  Cent 


Boron 

Oxygen 

Corr . 
Boron 

0.021 

0.0055 

0.018 

0.025 

0.0061 

0.022 

0.029 

0.0047 

0.027 

0.035 

0.0060 

0.032 

perature  1/2  hr  in  purified  helium  and  quenched  into  brine.  Fig.  5 shows 
the  resulting  microstructures  of  iron-boron  alloys  containing  0.021,  0.025, 
0.029,  0.035  per  cent  B respectively.  The  top  row  (Figs.  5a-5d  shows  the 
structures  of  alloys  quenched  from  1350°C  and  the  lower  row  (Figs.  5e-5h) 
shows  the  structures  of  the  alloys  quenched  from  1185°C.  In  the  0.029  and 
0.035  per  cent  B alloys  the  grain  boundary  constituent  indicates  liquid  was 
formed  during  annealing  both  at  1185°  and  1350°C.  On  the  other  hand,  the 
0.021  per  cent  B alloy  shows  no  evidence  of  liquid  but  only  a fine  discontin- 
uous grain  boundary  precipitate  typical  of  iron-boron  alloys  quenched  from 
high  temperatures.  The  microstructures  of  the  0.025  per  cent  B alloy  are 
intermediate  between  the  structures  of  0.021  per  cent  B alloy  on  one  hand 
and  0.029  and  0.035  per  cent  B on  the  other.  The  grain  boundary  constitu- 
ent is  more  continuous  than  in  the  0.021  per  cent  B alloy,  however  it  does 
not  exhibit  the  characteristic  appearance  of  liquids  shown  in  the  0.029  and 
0.035  per  cent  B alloy.  It  would  therefore  appear  that  the  0.025  per  cent  B 
alloy  must  approximate  the  solidus  composition  both  at  1185°  and  1350°C. 
Microstructures  of  specimens  treated  at  1250°C  simply  served  to  show  that 
no  significant  curvature  existed  in  the  solidus  between  1185°  and  1350°C. 

All  of  these  specimens  were  first  etched  with  2 per  cent  picral  and  then 
etched  in  2 per  cent  nital.  The  picral  etches  boron-rich  phases,  but  tends 
to  stain  ferrite.  The  nital  removes  this  stain  and  delineates  more  clearly 
the  grain  boundaries. 


Discussion 

In  Fig.  3 the  logarithm  of  the  boron  content  is  plotted  as  a function  of 
the  reciprocal  of  the  absolute  temperature.  All  of  the  data  presented  are 
in  reasonable  agreement  within  the  error  of  the  analytical  method  except 
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Fig.  5.  Microstructures  of  four  iron-boron  alloys  heated  one-half  hour  at  the  temperatures  i 
dicated  and  quenched  in  brine.  Left  to  right;  0.02 1 , 0.025,  0.029,  and  0.035  per  cent  B.  Top 
row:  Quenched  from  1350°C.  Bottom  row:  Quenched  from  1 185°C.  Etched  with  picral-nital 
duplex  etch,  X300. 


that  for  an  aluminum-treated  iron  saturated  at  925°C.  This  value  which  is 
even  greater  than  that  for  high  purity  iron  at  the  same  temperature  appears 
to  be  obviously  erroneous.  For  this  reason  this  value  was  not  used  in  es- 
tablishing the  location  of  the  oxygen-free  solubility  line.  From  the  figure 
IS  is  clear  that  in  gamma  iron  a reasonably  linear  relation  between  temper- 
ature and  composition  exists  for  the  oxygen-free  solid  solubilities,  while  it 
does  not  for  the  uncorrected  ones.  This  would  indicate  that  the  hypothesis 
regarding  the  influence  of  oxygen  was  correct  a.nd  that  solid  solubility  of 
boron  in  gamma  follows  the  behavior  of  dilute  solutions.  The  maximum  sol- 
ubility of  boron  in  oxygen-free  gamma  iron  at  the  eutectic  temperature  is 
0.021  per  cent  and  minimum  solubility  at  the  peritectoid  temperature  is 
0.001  per  cent.  In  alpha  the  maximum  solubility  which  occurs  at  the  peri- 
tectoid temperature  is  0.002  per  cent.  The  solubility  of  boron  in  alpha  iron 
shows  a much  smaller  concentration  variation  with  temperature  than  in 
gamma  iron. 

In  considering  such  limited  solubilities  as  those  in  the  iron-boron  sys- 
tem, the  question  arises  whether  the  data  represent  bulk  solubilities  or 
grain  boundary  concentrations  of  solute.  If  the  grain  boundary  concentra- 
tion of  boron  is  considerably  higher  than  that  of  the  bulk,  then  it  would  be 
expected  that  the  determined  concentrations  should  vary  with  the  ratio  of 
grain  boundary  area  to  volume.  A measurement  of  this  ratio  using  the 
method  of  Smith  and  Guttman^  for  all  of  the  alloys  treated  below  the  peri- 
tectoid temperature  showed  the  var’iition  of  this  ratio  was  from  4.9  mm"^ 
to  13.5  mm"^.  For  this  variation  in  surface-to-volume  ratio  there  was  no 
observed  change  in  boron  content.  However,  grain  boundary  absorption  of 
considerable  magnitude  could  exist  for  such  surface-to-volume  ratios  and 
still  have  any  related  variation  in  boron  content  obscured  by  the  error  of 
the  analytical  method.  Using  0.0003  per  cent  boron  as  being  the  minimum 
variation  which  could  be  considered  significant  and  the  above  surface-to- 
volume  ratios,  a simple  calculation  shows  that  10  per  cent  of  the  boron  in 
the  sample  would  have  to  be  absorbed  at  grain  boundaries  to  be  detectable. 
This  absorption  is  sufficient  to  form  a monolayer  of  boron  at  the  grain 
boundary. 

The  solubility  data  indicate  that  a peritectoid  relationship  exists  be- 
tween alpha  and  gamma  iron-boron  solid  solutions.  From  the  solubilities 
which  exist  at  the  transformation,  one  may  calculate  approximately  the 
change  in  the  transformation  temperature  produced  by  the  solid  solution  of 
boron.  Using  a modification  of  the  Van't  Hoff  equation,^ 


A T 


Rt2  A[B) 

H„  100 
Tr 


where  AT  is  the  change  in  temperature  of  transformation;  T,  the  transfor- 
mation temperature  of  pure  iron;  AB  the  difference  between  the  boron  con- 
tent of  gamma  iron  and  boron  content  of  alpha  iron  in  equilibrium  with  it, 
in  atomic  per  cent;  and  the  heat  of  transformation  of  iron.  Using  the 

following  values,  T = 1183,  B = 0.005  t 0.0015,  H = 212  t 30,  one  obtains 
the  value  of  T = 0.7  t 0.3°C.  Thus  the  theoretical  value  of  A T agrees 
fairly  well  with  the  experimental  one,  considering  the  error  in  both  of  these 
values.  The  fact  that  in  every  determination  both  on  heating  and  cooling  (at 
l/4°C/min),  the  iron-boron  alloy  transformed  at  a temperature  above  that 
of  the  reference  iron  clearly  supports  the  solid  solubility  evidence  that  a 
peritectoid  relation  exists  between  alpha  and  gamma  iron-boron  solid  solu- 
tions. With  reference  to  the  temperature  of  the  of  pure  iron,  910°C,  as 
delei'mined  by  Wells  et  al,^*^  the  peritectoid  becom.es  911.3  t 0.4°C. 
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In  connection  with  the  location  of  the  solidus  line,  as  in  locating  the 
solid  solubility  line,  it  was  necessary  to  appraise  the  influence  of  oxygen 
of  the  liquid- solid  equilibrium  and  what  fraction  of  the  total  boron  was  ef- 
fective as  a solute  element.  In  view  of  the  fact  that  the  oxygen  content  was 
small  in  these  alloys,  it  was  assumed  that  it  did  not  affect  the  equilibrium 
relations,  but  that  it  only  reduced  that  effective  boron  content  of  the  alloys 
by  combining  with  boron  as  B2O3.  Therefore  the  position  of  the  solidus 
was  drawn  using  the  calculated  oxygen-free  boron  contents  of  the  0.025  per 
cent  B alloy,  i.e.,  0.021  per  cent  B.  When  the  solidus  was  so  constructed, 
the  triple  point  as  determined  by  the  intersection  of  the  solidus  and  the  eu- 
tectic temperature  falls  slightly  (0.001  per  cent  B)  to  the  right  of  the  triple 
point  determined  by  the  intersection  of  the  solid  solubility  line  and  the  eu- 
tectic tfc  nperature. 

The  phase  relations  of  iron-boron  alloys  based  on  this  work  are  shown 
in  Fig.  6. 


ATOMIC  P£R  CENT  BORON  « 10* 


Fig.  6.  Iron-boron  constitution  diagram  in  the 
low  boron  range  based  on  this  investigation. 
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LIGHT  SCATTERING  IN  LIQUID  HELIUM 

A.  W.  Lawson  and  Lothar  Meyer 
(Submitted  to  The  Physical  Review) 

Abstract 

Classical  formulas  appear  to  describe  adequately  tbe  data  reported 
here  on  the  relative  scattering  of  light  by  liquid  and  gaseous  helium.  Anom- 
alous scattering  at  the  X -point,  if  present,  is  less  than  the  relatively  large 
experimental  error  of  about  20  per  cent. 


The  light  scattering  of  liquid  helium  has  been  discussed  tbeoretically 
by  Goldstein,^  Schiff,^  Galanin,^  and  Ginsburg.'^  Tbe  lowest  predicted  val- 
ue for  the  scattering  is  given  by  Rayleigh's  classical  theory  of  density  fluc- 
tuations.^ 

According  to  this  approach,  the  fraction  of  light  scattered  per  unit  vol- 
ume, per  unit  solid  angle,  is  given  by 


i/I  -- 


18m 

AO  o 


/ 2 
‘Z'  o 


2r  kTX! 


[1) 


where  is  the  index  of  refraction  corresponding  to  the  wavelength  Ag  of 
the  scattered  light,  k is  the  Boltzmann  constant,  T the  absolute  temperature, 
and  W is  the  isothermal  compressibility.  Despite  the  fact  that  the  tempera- 
ture of  liquid  helium  is  considerably  less  than  its  Debye  temperature, 
Brillouin*  has  demonstrated  that  Eq.  (1)  is  still  valid  in  this  temperature 
range  for  optical  wavelengths.  If,  however,  the  A'Point  phenomena  are  re- 
lated to  the  condensation  of  an  ideal  Bose- Einstein  gas,  the  scattering  be- 
low the  A -point  should  be  by  orders  of  magnitude  higher  and  critical  opal- 
escence should  be  expected  at  the  X -point  itself. 

Two  experimental  observations  of  the  light  scattering  in  liquid  helium 
are  recorded  in  the  literature;  one  by  McLennan,  Smith,  and  Wilhelm®  and 
the  other  by  Jakovlev."^ 

McLennan,  Smith,  and  Wilhelm  found  that  the  intensity  of  the  light  scat- 
tered by  liquid  helium  could  not  be  distinguished  from  the  background  in 
their  experiment,  which  indicates  that  the  scattering  is  of  the  order  of  mag- 
nitude given  by  Eq.  (1).  Jakovlev,  comparing  visually  the  scattering  of  air 
with  that  of  liquid  helium,  came  to  the  same  conclusion. 

We  have  measured  the  light  scattering  of  liquid  helium  in  a more  quan- 
titative manner.  The  apparatus  is  shown  schematically  in  Fig.  1.  The 
scattering  chamber  consisted  of  the  lower  end  of  a thin-walled  stainless 
steel  tube  1 in.  o.d.,  with  a quartz  window  on  top  and  another  at  the  side. 


Brillouin's  theory  (Annales  de  Physique  F7,  88  (1922))  does  not  include 
zero- point  energy  as  it  is  based  on  classical  quantum  theory.  Intro- 
duction of  the  zero-point  correction  into  his  theory  affects  the  values 
computed  by  Eq.  (1)  by  less  than  5 per  cent. 
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These  windows  were  mounted  on  the  metal 
with  "Araldyle"  plastic.*  A concave  surface 
mirror  on  the  bottom  of  the  scatterinf;  cham- 
ber reflected  the  light  beam  back  o>Jt  of  the 
cryostat.  A high  pressure  H-4  mercury  arc 
lamp  mounted  outside  the  cryostat  at  the  top 
of  the  stainless  steel  tube  served  as  light 
source.  A metal  stopcock  was  used  as  light 
switch.  No  effort  was  made  to  use  mono- 
chromatic light,  as  the  available  intensity 
at  all  wavelengths  was  needed  to  achieve  ad- 
equate sensitivity.  The  scattered  light  ”'as 
measured  with  a photomultiplier  tube  #P-28 
mounted  immediately  in  front  of  the  side  win- 
dow of  the  scattering  chamber.  It  was  sepa- 
rated by  a quartz  bulb  and  by  high  vacuum  from 
the  helium  bath.^  The  photo  current  was  meas- 
ured with  a galvanometer  arrangement  with  a 
sensitivity  of  3 x 10"  ^ ^ amps/mm  deflection. 
The  scattering  chamber  could  be  filled  with 
helium  via  a stainless  steel  capillary.  The 
purification  of  the  helium  used  for  the  scat- 
tering experiments  required  extreme  care. 

The  helium  was  first  purified  under  2000 
Ibs/sq  in.  over  charcoal  at  80°K,  and  then 
once  more  led  over  well  degassed  charcoal 
in  a liquid  nitrogen  bath  before  entering  the 
vacuum  system  connected  with  the  scatter- 
ing chamber.  During  filling,  the  gas  flow  rate  had  to  be  kept  below  1 liter 
per  minute.  The  liquid  used  for  the  scattering  experiments  was  condensed 
from  this  highly  purified  gas. 

The  standard  equipment  for  transferring  liquid  helium  into  the  cryostat, 
for  pumping  cn  the  helium  bath,  etc.,  are  not  shown  in  Fig.  1,  nor  is  the 
dewar  with  liquid  nitrogen  surrounding  the  helium  dewar. 

As  the  measurement  of  the  absolute  ratio  of  intensity  of  the  primary 
beam  to  that  of  the  light  scattered  under  a 90°  angle  seemed  rather  com- 
plicated, we  preferred  to  calibrate  the  system  by  determining  the  light 
scattered  by  helium  gas  under  1 atmosphere  at  its  boiling  point.  By  taking 
the  ratio  of  the  light  scattered  by  the  liquid  at  different  temperatures, 

Sl(T),  to  the  light  scattered  by  the  gas  at  the  boiling  point  under  the  same 
conditions,  Sg(BP),  the  necessity  of  knowing  the  intensity  of  the  primary 

* "Araldyle"  — trade  name  of  Ciba  Company  for  ethoxyline  resins. 

# Originally  the  photocell  was  placed  dii-ectly  in  the  liquid  helium  sur- 
rounding the  scattering  chamber.  Under  these  conditions  the  sensitiv- 
ity of  the  cell  became  extremely  low  and  the  results  were  erratic.  This 
behavior  is  probably  due  to  the  fact  that  the  Cs-Sb  surfaces  of  these 
cells  are  semi-conductors  with  an  extremely  small  gap  between  the  va- 
lence and  conduction  bands,  and  so  become  practically  insulators  at  he- 
lium temperatures.  Surrounding  the  photomultiplier  tube  with  high  vac- 
uum was  sufficient  to  keep  it  at  a temperature  around  50°K  in  spite  of 
the  fact  that  the  quartz  vacuum  chamber  was  covered  for  more  than  10 
inches  with  He  II.  The  latter  temperature  seemed  to  provide  nearly  op- 
timum working  conditions  for  this  type  of  photo-tube,  because  then  the 
sensitivity  was  unimpaired  and  the  noise  level  low. 


Hg-  LAMP 


Fig.  1.  Apparatus  for 
measuring  the  scattering 
of  light  by  liquid  helium. 
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beam,  the  geometrir  factors,  etc.,  is  eliminated.  Eq.  (1)  then  reduces  to 

SJT)  (£^^-1)'  p ’ 

S (BP)  ■ _ 2 4.2 

^ ^ g 

The  results  of  a typical  run  are  Riven  in  Table  I. 

Within  our  accuracy  of  about  20  per  cent,  the  light  scattering  of  liquid 
helium  is  in  experimental  agreement  with  Eq.  (2)  if  one  uses  the  experi- 
mentally determined  values  for^  o or  £ and  No  excess  scattering 

larger  than  our  experimental  error  is  observed  at  the  A -point.  This  con- 
clusion was  confirmed  by  several  runs  in  which  the  temperature  of  the  bath 
was  allowed  to  warm  up  slowly  from  2.1  to  2.2°K  during  an  interval  of  from 
10  to  20  minutes.  The  galvanometer  readings  remained  constant  within  the 
experimental  accuracy  and  did  not  deviate  perceptibly  from  the  normal  val- 
ue as  the  A -point  was  passed.^ 

It  should  be  emphasized  that  the  principal  source  of  error  in  this  ex- 
periment is  from  impurities.  Although  it  might  be  presumed  that  it  would 
be  relatively  simple  to  purify  helium,  our  experience  indicates  that  extra- 
ordinary precautions  must  be  taken  to  avoid  the  introduction  of  miniscule 
particles  of  dust.  Any  deviation  from  our  strict  routine  in  handling  the  he- 
lium gas  inevitably  led  to  a considerably  enhanced  background  scattering. 

The  results  reported  here  are  consistent  with  those  of  Taconis®  and 
Reekie^®  who  were  unable  to  detect  any  change  in  the  X-ray  diffraction  pat- 
tern of  liquid  helium  at  the  A -point. 

References 

1.  L.  Goldstein,  Phys.  Rev.  241  (1940). 

2.  L.  Schiff,  Phys.  Rev.  844  (1940). 

3.  A.  Galanin,  J.  Exptl.  Theor.  Phys.  1^,  1267  (1040). 

4.  V.  L.  Ginsburg,  J.  Phys.  ( IJ.S.S.R.)'?,  305  (1943). 

5.  See,  for  instance,  R.  H.  Fowler,  Statistical  Mechanics  (Macmillan  Com- 
pany, N.  Y.,  1936)  2nd  edition,  n.  768. 

6.  J.  C.  McLennan,  H.  D.  Smith,  and  J.  O.  Wilhelm,  Phil.  Mag.  1_4,  161 
(1932). 

7.  I.  A.  Jakovlev,  J.  Phys.  (U.S.S.R.)  7,  307  (1948). 

8.  See  W.  H.  Keesom,  Helium  (Elzevier,  Amsterdam,  1942),  pp.  136,  319, 

134,  236. 

9.  W.  H.  Keesom  and  K.  W.  Tacoriis,  Physica  5,  270  (1938). 

10.  J.  Reekie,  T.  S.  Hutchison,  C.  F.  A.  Beaumont,  Proc.  Phys.  Soc.  A 66 , 

409  (1953). 

* Eq.  (2)  is  derived  by  using  the  ideal  gas  law.  Actually,  the  deviation 

from  the  ideal  gas  law  at  the  helium  3P  is  about  25  per  cent.  However, 
using  the  second  virial  coefficient  B as  measured  by  Keesom  and  Wal- 
stra  (Physica  7,  985,  1940),  not  only  also  the  value  of  £ changes, 

since  it  has  to  be.  calculated  from  the  values  given  for  -191°  and  0°C  by 
means  of  the  gas  density  at  4.2°K.  Both  corrections  cancel  each  other 
within  10  per  cent,  which  does  not  exceed  accuracy  of  our  measurements 
and  the  accuracy  to  which  the  compressibility  of  the  liquid  is  known. 

# The  liquid  in  the  scattering  chamber  was  kept  under  1 atmosphere 
pressure  to  avoid  bubble  formation  during  warming  or  cooling  of  the 
bath,  so  the  X -point  of  the  liquid  helium  in  the  chamber  was  a few 
thousandths  of  a degree  lower  than  that  in  the  bath.  In  some  runs  the 
temperature  of  the  bath  was  kept  as  near  as  possible  (t  0.003°  to  the 
X-point  of  the  liquid  helium  in  the  scattering  chamber.  Even  then 
there  was  not  the  slightest  indication  of  an  increase  in  scattering. 
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THERMAL  ANOMALIES  ASSOCIATED  WITH  THE 
ANTIFERRQMAGNETIC  ORDERING  OF 
FeF^,  CoFg,  AND  NiFg 

J.  W.  Stout  and  Edward  Catalano* 

(To  be  published  in  The  Physical  Review) 

From  measurements  of  the  magnetic  susceptibility  of  powdered  ma- 
terials Bizette^  concluded  that  MnF2  and  FeF2  are  antiferromagnetic,  but 
that  the  isomorphous  compounds  C0F2  and  NiF2  are  not.  The  neutron  dif- 
fraction studies  of  Erickson^  show,  hov/ever,  that  at  low  temperatures  all 
four  compounds  are  antiferromagnetically  ordered  and  magnetic  anisotropy 
measurements^  on  a single  crystal  of  CoT2  indicate  an  antiferromagnetic 
behavior.  We  have  measured  the  heat  capacity  of  FeF2,  C0F2,  and  NiF2 
over  the  temperature  range  12-300°K.  Each  of  these  salts  shows  a pro- 
nounced thermal  anomaly  of  the  lambda  shape  characteristic  of  processes 
where  there  is  cooperative  ordering.  The  experimental  heat  capacity  data 
in  the  neighborhood  of  the  anomalies  are  shown  in  Figs.  1,  2,  and  3 for 


Fig.  1.  Molal  heat  capacity  of  ferrous  fluoride  versus 
temperature. 

FeF2,  C0F2,  and  NiF2  respectively.  In  order  to  determine  the  shape  of 
the  curves,  the  points  in  the  regions  of  rapidly  changing  heat  capacity  were 


* Eastman  Kodak  Company  Fellow  1951-52;  Allied  Chemical  and  Dye 
Corporation  Fellow  1952-53. 
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Fig.  2.  Molal  heat  capacity  of  cobalt  fluoride  versus 
temperature. 


Fig.  3.  Molal  heat  capacity  of  nickel  fluoride  versus 
temperature. 
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taken  with  small  temperature  increments  (about  0.1°).  The  temperatures 
of  the  heat  capacity  maximum  are:  FeF2,  78.3°K;  C0F2,  37.7°K;  NiF2, 
73.2°K.  A similar  anomaly  in  MnF2  with  a heat  capacity  maximum  at 
66.5°K  has  been  reported  previously.'^  There  seems  to  be  no  doubt  that 
these  anomalies  represent  the  loss  in  entropy  upon  passing  from  the  dis- 
ordered paramagnetic  state  to  the  ordered  antiferromagnetic  state. 

The  antiferromagnetic  Curie  temperatures  deduced  by  Erickson^  from 
the  temperature  variation  of  the  magnetic  structure  factor  are  higher  than 
those  of  the  maximum  in  heat  capacity  by  factors  ranging  from  1.1  to  1.3. 
However,  the  neutron  diffraction  measurements  are  a relatively  imprecise 
method  for  determining  the  Curie  temperature  and  also  it  seems  probable 
that  near  the  Curie  point  the  magnetic  form  factor  is  varying  much  more 
rapidly  with  temperature  than  the  Brillouin  function  used  by  Erickson  in 
his  extrapolation.  We  do  not  believe,  therefore,  that  there  is  a significant 
disagreement. 

We  have  also  made  heat  capacity  measurements  on  the  diamagnetic  salt 
ZnF2,  which  is  isomorphous  with  the  four  antiferromagnetic  fluorides.  The 
data  on  ZnF2  will  permit  an  estimate  of  the  entropy  and  heat  capacity  aris- 
ing from  lattice  vibrations  in  the  antiferromagnetic  salts  and  thus  enable 
the  separation  of  the  thermal  effects  due  to  the  magnetic  ordering.  The 
data  and  calculations  will  be  published  in  detail  elsewhere. 
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THE  OPTICAL  CONSTANTS  OF  Ag,  Au,  Cu,  AND  A1 
I.  THE  ABSORPTION  COEFFICIENT  k 


L,.  G.  Schulz 

(Submitted  to  The  Journal  of  the  Optical  Society  of  America) 

Abstract 

A description  is  given  of  a comparison  method  for  determining  the 
values  of  the  absorption  coefficient  k of  a metal  relative  to  previously  de- 
termined values  for  Ag.  In  th’S  method  transmission  interference  filters 
are  constructed  which  have  mica  as  the  dielectric  and  have  reflecting  lay- 
ers of  Ag  and  of  the  metal  x being  studied.  On  adjacent  areas  of  a single 
sheet  of  mica,  pairs  of  filters  are  formed,  one  with  a Ag-mica-Ag  combi- 
nation and  the  other  with  a Ag-mica-x  combination.  Components  of  a filter 
pair  will  have  identical  mica  thicknesses.  For  a given  filter  pair  the  wave- 
lengths transmitted  by  one  combination  are  compared  with  those  transmit- 
ted by  the  other.  Values  of  k are  then  calculated  from  the  change  in  phase 
accompanying  the  reflection  of  light  at  normal  incidence  at  mica-metal  in- 
terfaces. The  method  was  found  to  have  special  advantages  in  the  wave- 
length region  of  0.65)1/  to  0.95  fJ  for  metals  with  high  reflectivities.  Re- 
sults are  given  for  Au,  Cu,  and  A1  in  the  range  of  0.45//  to  0.95//.  The  new 
values  of  k tend  to  agree  closely  with  older  values  obtained  by  other  meth- 
ods. A discussion  is  included  concerning  the  validity  of  surface  measure- 
ments for  determining  the  bulk  properties  of  metals. 

Introduction 

In  a previous  paper  ^ an  interference  method  was  described  for  the  de- 
termination of  the  absorption  coefficient  k,  and  results  given  for  Ag  and  Al. 
In  the  present  paper  a modification  of  that  method  is  presented  and  experi- 
mental values  given  for  Au,  Cu,  and  Al.  Many  of  the  evaporation  and  opti- 
cal procedures  which  were  used  are  similar  to  those  employed  in  previous 
experiments.  ^ Part  II  of  this  paper‘d  will  present  the  procedure  and  the 
results  of  experiments  to  determine  the  index  of  refraction  n. 

In  the  past,  with  the  Drude^  procedure,  both  optical  constants  n and  k 
were  determined  at  the  same  time  on  a single  sample.  In  the  procedures 
here  employed  two  rather  distinct  types  of  experiments  are  performed  and 
the  results  combined  to  give  n and  k.  In  the  first  type  the  phase  change  ac- 
companying reflection  at  normal  incidence  is  determined,  and  in  the  second 
type  the  intensity  of  reflection  is  measured.  In  general,  since  n and  k are 
involved  in  both  types  of  experiments,  it  is  necessary  to  carry  through  the 
calculations  associated  with  each  more  or  less  simultaneously.  This  sep- 
aration of  the  measurements  into  two  types  of  experimiCnts  proved  highly 
advantageous,  especially  in  connection  with  heat  treatment  and  ageing  of 
samples.  It  was  found  that  the  k values  determined  in  the  past  are  essen- 
tially the  same  as  the  new  values  but  that  the  old  values  of  n are  often  very 
much  higher  than  the  new  ones. 

The  need  for  the  redetermination  of  the  optical  constants  of  metals  has 
been  pointed  out  several  times  recently.  These  constants,  in  addition  to 
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being  of  practical  importance  in  the  optical  use  of  evaporated  films,  are  of 
interest  in  connection  with  the  theory  of  solids. It  ie  this  latter  inter- 
est which  has  led  to  the  study  of  the  optical  properties  of  metals  reported 
in  part  in  these  two  papers.  The  methods  developed  here,  principally  for 
use  in  the  visible  region,  have  been  extended  to  the  infra-red  where  the  re- 
sults are  more  directly  related  to  the  predictions  of  the  free  electron  the- 
ory of  metals.  These  results  will  be  given  later. 


Description  of  the  Method 

Pairs  of  transmission  interfere.nce  filters^  having  a single  mica  sheet 
as  the  common  dielectric  for  each  pair  were  made  with  the  components  ar- 
ranged as  shown  in  Fig.  lA.  On  one  side  of  a mica  sheet  a nearly  opaque 


Fig.  1.  Details  of  the  filter  construction  and  the  arrange- 
ment for  wavelength  measurements.  Drawing  A shows  the 
arrangement  of  components  in  a filter  pair;  B shows  how 
three  such  pairs  were  mounted  over  holes  in  a sheet  of  met- 
al. Drawing  C indicates  how  a survey  was  made  of  each  sam- 
ple by  moving  it  with  respect  to  the  slit  S of  the  spectrograph 
to  a new  position  for  each  photograph.  In  D the  discontinu- 
ities in  the  interference  bands  of  the  upper  filter  reveal  the 
presence  of  cleavage  steps  in  the  mica  dielectric. 


film  of  silver,  Ag' , was  formed  by  evaporation  and  deposition  in  a vacuum. 
Part  of  the  opposite  side  was  covered  with  silver,  Ag",  auid  the  remainder 
with  the  metal  x under  investigation.  The  upper  filter  with  the  Ag-mica- 
Ag  sequence  will  be  designated  as  filter  I and  the  lower,  with  the  Ag-mica- 
X sequence,  as  filter  II.  The  transmitted  wavelengths  ^ ^ and  ^ of  such 
a pair  were  measured,  and  from  these  values  the  absorption  coefficient 
of  the  metal  x was  calculated. 

The  calculation  procedure  employed  was  similar  to  that  used  earlier, 
but  complications  arose  here  because  of  the  dispersion  of  the  mica.  Eq.  (1) 
gives  the  relation  of  the  wavelengths  to  the  mica  thickness  t,  the  mica 
index  of  refraction  Hq,  the  order  of  interference  N,  and  the  phase  change 


yjj  ji^g  occurring  during  the  mica-Ag-mica  reflection. 
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(1) 


riq.  (2)  is  a similar  equation  for  X 
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Subtracting  Eq.  (2)  from  Eq.  (1)  and  rearranging  gives  Eq.  (3). 
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In  Eq.  (3)  the  principal  terms  are  to  the  left;  those  to  the  right  are  correc- 
tion terms.  The  relation  of  to  the  index  of  refraction  of  the  dielectric 
Oq  and  the  optical  constants  of  the  metal,  n and  k,  is  given  in  Eq.  (4). 
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To  use  Eqs.  (3)  and  (4)  it  is  necessary  to  have  a knowledge  of  the  dis- 
persion of  the  mica.  This  was  obtained  in  a preliminary  experiment  using 
filters  of  the  type  Ag-mica-Ag  with  the  thickness  varying  from  I/'  to  30M  . 
The  results^®  shown  in  Fig.  2 are  in  good  agreement  with  those  of  Einsporn.^^ 


Fig.  2.  Graph  showing  the  dispersion  of  mica.  The  values  shown 
are  for  the  larger  of  the  two  indices  of  refraction. 
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(In  the  calculations  the  k values  of  Ag  were  those  found  earlier.^)  For  a 
given  wavelength  the  value  of  ng  varied  slightly  from  sample  to  sample, 
but  the  dispersion  remained  unchanged  within  the  experimental  error. 

With  the  help  of  Fig,  2 and  the  experimental  values  of  ^ and  ^ Eq. 

(3)  was  used  to  obtain  ^ and  then  Eq.  (4)  used  to  calculate  kj^.  Both  n 
and  k appear  in  Eq.  (4),  but  for  wavelengths  above  about  0.65  microns  k2 
is  far  greater  than  n^.  Consequently,  in  the  long  wavelength  region  the 
phase  change  angle  r becomes  insensitive  to  n and,  accordingly,  the  inter- 
ference method  can  by  itself  give  values  of  k.  In  the  short  wavelength  re- 
gion, however,  it  is  necessary  to  know  n rather  accuraiely;  the  values  useJ 
were  obtained  from  the  experiments  in  Part  II  which  were  carried  out  con- 
currently. 


TABLE  I 

Principal  Factors  in  the  Evaluation  of  the  Interference  Method. 
The  Drude  method  was  taken  as  the  standard  for  comparison. 


Advantages 

Disadvantages 

1.  No  special  optical  equipment. 

1,  A definite  lower  limit  is  set  by 

such  as  a polarizing  spectrom- 

mica  transmission  at  about  0.35  fj. 

eter,  is  required. 

and  an  upper  limit  is  set  by  avail- 

2.  The  interface  between  the  mica 

able  photographic  plates. 

and  metal  is  ideally  smooth. 

2,  The  mica-metal  interface  must 

3,  Samples  can  be  exposed  to  air 

have  a reflectivity  above  about  0.5, 

without  damaging  the  metal  sur- 

3,  The  metal  must  be  formable 

face  being  studied. 

as  an  evaporated  film. 

4.  The  method  is  easily  adaptable 

4.  Samples  cannot  be  used  for  n 

to  photographic  procedures. 

determinations. 

In  Eq.  (4)  the  phase  change  angle  ^ is  associated  with  reflections  on 
metal  layers  of  at  least  opaque  thicknesses.  Since  the  experimental  meth- 
od employed  here  requires  that  there  be  transmission  of  some  light  through 
the  metal  films,  a correction  is  necessary  for  the  error  resulting  from  us- 
ing non-opaque  layers.  Convenient  graphical  methods  had  been  worked  out 
in  previous  experiments^  for  determining  the  variation  in  ^ as  the  film 
thickness  is  changed.  In  Fig.  3 are  shown  values  of  the  deviation  of  from 
the  opaque  thickness  values  for  several  wavelengths  for  the  case  of  Au. 

Since  the  properties  of  Au  and  Cu  are  similar  to  those  of  Ag  above  about 
0.65^  , the  thicknesses  of  x and  Ag"  were  made  nearly  equal  when  studying 
Au  or  Cu,  thereby  causing  the  phase  change  corrections  to  cancel.  Below 
about  0.55^,  for  Au  and  Cu,  the  correction  changes  sign  and  varies  with 
thickness  in  a way  difficult  to  predict.  It  is  then  necessary  to  know  the  thick- 
ness of  the  film  rather  accurately  if  the  proper  correction  is  to  be  made.  In 
general,  the  uncertainty  in  the  correction  was  kept  below  that  resulting  from 
experimental  errors  in  measuring  transmitted  wavelengths. 

It  was  found  possible  to  modify  th^e  method  to  permit  the  use  of  reflec- 
tion as  well  as  transmission  filters.  In  such  a modification,  light  is  incident 
and  is  reflected  from  the  Ag'  side.  The  films  Ag"  and  x of  Fig.  lA  were 
opaque  in  thickness,  such  films  being  easier  to  make  than  semi-transparent 
ones.  Also,  the  necessity  of  corrections  of  the  kind  discussed  in  connection 
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Fig.  3.  Graph  showing  the  deviation  of 

the  phase  change  angle  from  the  opaque  thickness 
value  as  the  film  thickness  is  varied.  For  Au  the 
films  were  usually  500A  to  600A  thick. 

with  Fig.  3 are  avoided.  Great  difficulty  was  experienced,  however,  in 
keeping  the  mica  sufficiently  plane  and,  in  addition,  a more  complex  opti- 
cal set-up  was  required  to  illuminate  the  sample. 

Although  the  method  has  not  been  used  enough  to  permit  a complete 
evaluation,  the  comparison  with  the  Drude  method^  given  in  Table  I pro- 
vides a starting  point.  There  is  often  a tendency  to  over-estimate  the  dif- 
ficulties of  the  Drude  method,  but  these  difficulties  are  partly  compensated 
by  over  fifty  years  of  development,  both  in  experimental  techniques  and  in 
methods  of  calculation.  It  seems  clear,  however,  that  the  interferometric 
method  has  special  advantages  in  the  near  infrared,  0.65/7  to  0.95//  for 
metals  with  high  reflectivity.  The  fact  that  a reference  metal,  Ag,  must 
be  used  is  not  a handicap  because  there  is  good  agreement  among  various 
determinations  of  the  k for  Ag. 


Experimental  Details 

The  mica  used  for  the  dielectric  spacer  was  selected  from  a large  sup- 
ply of  high  grade  India  ruby  mica.  It  was  cleaved  in  air  under  a binocular 
microscope,  a procedure  which  avoided  the  necessity  of  any  subsequent 
cleaning.  Usually  three  filter  pairs  were  prepared  at  the  same  time  by 
mounting  three  mica  pieces  covering  a range  of  thicknesses  on  a holder  of 
the  kind  shown  in  Fig.  IB.  Experience  showed  that  the  optimum  thickness 
was  about  5 microns,  a thickness  which  was  easy  to  handle  but  not  so  thick 
as  to  make  inconveniently  difficult  the  measurements  of  wavelength  shifts 
^ ^ which  are  inversely  proportional  to  thickness. 

The  evaporations  were  made  in  an  18  in.  bell  jar  unit  which  could  be 
evacuated  to  about  10" ^ mm  Hg.  The  charge  to  be  evaporated  was  prefused 
in  a preliminary  evacuation.  In  a second  evacuation,  during  which  deposition 
on  the  mica  occurred,  a barrier  shielded  the  mica  from  the  initial  stream  of 
vapor.  Formation  of  films  Ag"  and  x were  made  in  a single  evacuation- 
suitable  mechanical  manipulations  in  the  vacuum  having  been  worked  out  for 
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this  purpose.  The  deposition  of  Ag'  was  made  in  a third  evacuation.  Thick- 
nesses of  the  deposits  could  be  controlled  to  about  t 50A  by  weighing  the 
charge.  The  films  were  made  as  thick  as  possible  consistent  with  reason- 
able transmission.  For  Ag",  Au,  and  Cu  this  was  usually  near  600A,  for  A1 
near  400A.  The  thickness  of  Ag'  was  usually  near  500A,  that  is,  somewhat 
less  than  Ag".  It  was  permissible  to  have  Ag'  rather  thin  since  phase 
changes  at  mica- Ag'-mica  reflections  enter  only  in  a dispersion  term,  the 
first  correction  term  on  the  right  of  Eq.  (3). 

The  wavelengths  ^ ^ and  \ were  determined  photographically  with 
the  help  of  a 21-foot  grating  (manufactured  by  Jarrel  Ash)  in  a manner  al- 
ready described.^  Eastman  Kodak  plates,  types  F,  N,  and  M,  were  used. 
Since  the  dispersion  of  the  spectrograph  was  nearly  constant,  the  wave- 
length separation  was  easily  determined  as  the  product  of 

the  linear  separation  on  the  plate  and  the  dispersion  at  that  wavelength  re- 
gion. The  accuracy  was  such  that  the  uncertainty  in  was  about  lOA 

in  the  region  of  0.6  to  0.9  microns.  Below  0.6  p the  uncertainty  increased 
to  about  20A  for  Au  and  Cu.  Because  the  spectrometer  was  a grating  instru- 
ment, the  second  order  of  the  region  0.35^>  to  0.A5/J  occurred  with  the  first 
order  above  0.  ly.  This  result  was  a great  help  in  determining  the  order 
number  N. 

Although  the  mica  was  selected  to  be  free  from  detectable  cleavage 
steps,  there  was  no  absolute  certainty  that  some  were  not  overlooked.  If  a 
step  should  run  along  the  line  zz  which  divides  filter  I from  II  as  shown  in 
Fig.  IB,  then  an  error  would  result  since  it  was  assumed  that  the  thickness 
t was  a constant  across  zz,  or  yy  of  drawing  A.  To  avoid  such  an  error, 
photographs  were  taken  through  each  filter  pair  at  many  different  points 
along  zz  as  shown  in  C.  The  presence  of  a step  would  be  indicated  by  a dis- 
continuity in  the  fringe  pattern  as  shown  in  drawing  D.  From  a sequence  of 
photographs  it  was  possible  to  map  out  the  positions  of  any  cleavage  step, 
thereby  making  it  possible  to  select  a fringe  system  at  a point  on  zz  not 
close  to  the  step. 


Results 

The  values  of  k which  were  obtained  are  given  in  tabular  form  in  Table 
II  and  in  graphical  form  in  Figs.  4,  5,  6,  and  7 for  Ag,  Au,  Cu,  and  A1  re- 
spectively. Also  shown  on  the  graphs  are  some  of  the  most  quoted  of  pre- 
vious determinations,  including  values  down  to  0.25//  . The  solid  curves 
represent  the  new  results,  whereas  broken  lines  are  used  to  connect  sets 
of  earlier  results.  For  the  latter,  the  wavelengths  used  were  often  the 
strong  emission  lines  of  Hg. 

Silver 

Although  this  metal  (which  was  usea  as  the  standard)  had  been  studied 
earlier, ^2  the  k values  obtained  are  repeated  here  for  completeness  and  to 
enable  a comparison  to  be  made  with  previously  determined  values.  As 
shown  in  Fig.  4,  in  the  very  much  studied  visible  region  of  about  0.45//  to 
0.65P  , there  is  excellent  agreement  with  the  values  obtained  by  Minor 
(1903)  and  Hass^'^  (1946),  both  using  a Drude  procedure.  Whereas  the  sam- 
ples of  Minor  were  prepared  by  chemical  methods,  those  of  Hass  were 
formed  by  evaporation  and  condensation  in  a vacuum.  The  good  agreement 
of  the  values  of  Minor  with  recent  values  is  probably  due  to  the  freedom  of 
Ag  from  oxide  films, ^ a circumstance  tending  to  make  Ag  a suitable  metal 
for  a standard.  The  values  of  Kretzman^^  are  included  because  there  seem 
to  be  no  others  particularly  concerned  with  the  region  of  o.ey  to  1.0^. 
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TABLE  U 


Values  of  the  Absorption  Coefficient  k as  a Function 
of  Wavelength  for  Ag,  Au,  Cu,  and  A1 


Gold 


The  values  obtained  are  in  fair  agreement  with  those  of  Meier  who 
used  a Drude  procedure  on  metallurgicalW  prepared  samples  and  who 
worked  in  the  same  laboratory  as  Minor.  Also  included  for  comparison 
in  the  visible  region  are  the  results  of  Tool^^  who  made  a particularly 
careful  study  of  Au  and  Cu.  In  contrast  to  this  good  agreement  in  the  visi- 
ble region  is  the  rather  large  deviation  from  the  values  of  Kretzman^^  in 
the  infrared.  The  results  in  Table  II  and  Fig.  5 are  based  on  measurements 
made  on  four  samples. 


MICRONS 


Fig.  5.  Values  of  the  absorption  coefficient  k as  a 
function  of  wavelength  for  Au. 

Copper 

The  new  values  in  the  visible  region  are  in  close  agreement  with  those 
given  by  Tool.!"^  Minor's  values,  on  the  other  hand,  tend  to  be  low,  espe- 
cially in  the  red  l egion.  (For  a summary  of  many  of  the  older  measure- 
ments see  Nathanson.  18)  The  results  in  Table  II  and  Fig.  6 are  based  on 
measurements  of  four  samples. 

Aluminum 

The  broken  line  refers  to  an  earlier  determination  with  an  interfero- 
metric method.  1 There  is  good  agreement  in  the  visible  region  but  a wide 
difference  in  the  infrared.  This  difference  is  partly  explained  by  the  diffi- 
culties in  the  earlier  determination  arising  from  uncertainties  in  n and 
from  the  fall  in  reflectivity  in  this  region.  Also  included  are  two  sets  of 
valuesl^'18  obtained  by  the  Drude  method.  The  results  in  Table  II  and  Fig. 
7 are  based  on  measurements  of  two  samples. 

Neither  ageing  nor  annealing  produced  any  change  in  the  experimental 
values  of  k for  these  four  metals.  This  is  in  contrast  to  the  observed 
changes  in  n values  which  will  be  discussed  in  Part  II. 

Discussion  of  the  Results 

It  is  a satisfaction  to  find  that  there  is  good  agreement  between  the  re- 
sults obtained  by  two  such  different  methods  as  the  one  used  here  and  the 
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older  Drude  procedure.  The  variation  amon^  the  results  for  the  determi- 
nation of  k is  much  smaller,  however,  than  the  variation  of  n as  will  be 
shown  in  Part  II.  As  the  tec-hniques  used  for  sample  preparation  have  im- 
proved, the  k values  obtained  have  increased.  The  new  values  in  Figs.  4 to 
7 tend  to  be  as  high,  or  slightly  higher,  than  older  values.  In  the  compari- 
sons of  Figs.  4 to  7,  the  much  quoted  results  of  Forsterling  and  Fr^eder- 
icksz^®  have  not  been  included,  since  they  were  most  concerned  with  the 
region  beyond  IfJ  . Although  their  measurements  extend  down  to  the  visi- 
ble, their  method  was  not  at  its  best  here;  therefore,  a comparison  would 
be  unfair  to  them. 

In  most  of  the  earlier  papers  in  this  field  almost  fantastic  accuracy 
was  claimed.  Apparently  no  consideration  was  given  to  errors  resulting 
from  sample  defects.  On  the  whole,  the  results  in  Table  II  are  probably 
accurate  to  no  better  than  i 2 per  cent,  which  by  older  standards  is  a very 
large  uncertainty.  This  figure,  however,  includes  errors  due  to  sample 
defects  as  well  as  instrumental  errors. 

Although  transmission  filters  were  employed  in  these  experiments,  the 
method  used  is  based  on  reflectivity  measurements.  This  is  clearly  shown 
by  the  fact  that  Eq.  (5),  which  was  used  to  calculate  k,  is  concerned  with  re- 
flectivity. The  information  given  by  any  reflection  experiment  is  limited  to 
that  part  of  the  surface  layer  to  which  the  incident  energy  penetrates.  Re- 
cent theoretical  work21.22.23  ^as  shown  that  when  the  mean  free  path  of  the 
conduction  electrons  in  the  metal  is  much  longer  than  the  skin  depth,  anom- 
alous skin  effects  can  be  expected.  In  particular,  the  value  of  k determined 
by  a reflection  measurement  will  be  lower  than  the  bulk  value.  It  was  found 
that  transmission  experiments24  gave  higher  values  of  k than  did  reflection 
experiments  but  only  in  the  region  where  absorption  is  due  primarily  to  free 
electron  damping.  Included  on  the  graphs  in  Figs.  4 to  7 are  the  k values 
calculated  from  the  Drude  free  electron  theory. “ For  Ag  at  the  longest 
wavelengths,  the  experimental  values  approach  the  calculated  ones;  for  Au 
the  deviation  is  more  pronounced;  and  for  Cu  a big  difference  remains  oven 
at  1 ^ . The  case  of  A1  is  exceptional  in  that  effects  other  than  those  due  to 
free  electrons  are  appreciable  even  at  longer  wavelengths. 

This  research  was  supported  in  part  by  .\ir  Force  Contract  Number 
AF33(038)-6534. 
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THE  OPTICAL  CONSTANTS  OF  Afi,  Au,  Cu,  AND  A1 
II.  THE  INDEX  OF  REFRACTION  n 


L.  G.  Schulz  and  F.  R.  Tangherlini 
(Submitted  to  The  Journal  of  the  Optical  Society  of  America) 

Abstract 

The  reflectivities  of  Ag,  Au,  Cu,  and  A1  were  measured  at  an  angle  of 
incidence  of  45°  in  the  wavelength  range  of  0.40>^  to  0.95>^  at  glass-metal 
and  air-metal  interfaces.  These  reflectivities,  together  with  previously  de- 
termined values  of  the  absorption  coefficient  k,  were  used  to  calculate  the 
index  of  refraction  n.  Samples  were  prepared  by  evaporation  and  deposi- 
tion from  the  vapor.  The  important  experimental  results  are:  (1)  The  ra- 

tios of  the  reflectivities  in  the  s-plane  to  those  in  the  p-plane  agreed  with 
the  theoretical  values.  This  result  indicates  that  the  boundary  conditions 
required  for  the  application  of  the  equations  of  electromagnetic  theory  have 
been  satisfied.  (2)  Ageing  and  annealing  resulted  in  increased  reflectivity 
at  both  air-metal  and  glass-metal  interfaces.  (3)  The  values  of  n obtained 
from  aged  or  annealed  samples  were  in  many  cases  considerably  lower 
than  previously  published  values.  A discussion  is  given  of  the  significance 
of  the  results  for  the  study  of  surfaces  and  for  the  theory  of  metals. 

Introduction 

The  experiments  wnich  will  be  described  were  undertaken  for  three 
reasons:  First,  to  develop  methods  for  the  accurate  measurement  of  re- 
flectivity; second,  to  use  the  method  to  obtain  more  accurate  values  for  the 
index  of  refraction  of  metals;  and  third,  to  explore  the  possibility  of  using 
oblique  illumination  for  studying  the  structure  of  metal  surfaces.  Although 
it  was  not  the  purpose  to  develop  alternatives  to  the  usual  polarimetric 
method^  for  determining  optical  constants,  it  was  found  that  new  methods 
are  capable  of  giving  results  comparable  to,  or  superior,  in  accuracy  to 
those  found  with  older  methods.  The  value  of  the  absorption  coefficient  k 
determined  earlier, 2 together  with  the  index  of  refraction  n obtained  here, 
makes  available  a complete  set  of  optical  constants.  In  addition  to  their  in- 
terest in  the  field  of  optics,  accurate  determinations  of  optical  constants  of 
metals  are  of  importance  in  the  theory  of  metals.^"®  Much  of  the  experi- 
mental work  involved  a study  of  the  effect  of  a.inealing  and  ageing  on  evap- 
orated metal  films. 

Preparation  and  Annealing  of  the  Samples 

The  metals  were  deposited  from  the  vapor  in  a vacuum  of  about  10"^ 
mm  of  Hg  onto  part  of  each  of  the  hypotenuse  faces  of  right-angle  prisms 
(see  Fig.  IB).  Ag,  Au,  and  Cu  were  evaporated  from  shallow  v-shaped 
troughs  of  sheet  molybdenum  and  A1  from  40-mil  tungsten  wire.  The  de- 
posits were  usually  about  1500A  to  2000A  in  thickness,  i.e.,  considerably 
more  than  opaque. 

Since  the  part  of  the  metal  deposit  in  immediate  contact  with  the  glass 
substrate  is  of  great  importance,  every  effort  was  made  to  keep  the  glass- 
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Fig.  1.  Drawings  showing  the  optical  path  through  the  samples. 

The  prisms  of  A and  B were  placed  close  to  one  another  but 
not  in  optical  contact.  The  glass  blocks  of  C and  D are  shown 
with  four  internal  reflections  in  each,  but  they  could  also  be 
turned  to  give  two  or  six  reflections  in  each.  These  blocks 
were  4"  x l"  x 7/8".  The  sample  of  F labelled  I-Il-IIl-lV  was 
formed  from  the  four  prisms  used  in  A and  B.  The  square  face 
of  each  prism  was  1.25"  on  an  edge. 

metal  interface  free  from  contamination.  The  metal  charge  was  prefused 
in  an  initial  evacuation  of  the  evaporation  equipment;  and  in  the  second 
evacuation,  during  which  deposition  took  place,  a movable  barrier  placed 
over  the  glass  surfaces  intercepted  the  initial  metal  vapor.  To  minimize 
roughness^  at  the  air-metal  interface  the  metals  were  deposited  as  rap- 
idly as  the  equipment  permitted,  which  was  about  lOOOA  in  30  seconds.  A 
suitable  jig  was  used  to  support  a unit  of  four  prisms. 

Annealing  was  carried  out  in  a metallurgical  type  furnace  which  could 
be  evacuated  to  about  10”®  mm  of  Hg.  The  usual  treatment  was  to  heat  a 
sample  for  periods  of  30  hours,  the  temperature  for  each  period  being  20°C 
higher  than  the  preceding  one.  Reflectivity  measurements  were  made  be- 
tween each  annealing  period.  It  was  found  that  the  maximum  temperature 
before  deterioration  of  the  films  began  was  about  130°C.  Above  this  tem- 
perature the  reflectivities  in  the  s and  p planes  no  longer  had  the  proper 
ratio.  While  not  being  tested  the  samples  were  kept  in  a desiccator;  the 
longest  ageing  period  was  two  years. 


Experimental  Arrangements  for  Measuring  Reflectivity 


The  drawings  of  Fig.  lA  and  B show  the  arrangement  of  a sample 
formed  from  four  right-angle  prisms.  In  passing  through  the  prisms  the 
Beam  Bj  experienced  four  total  reflections  at  glass-air  interfaces;  beam 
B2,  on  the  other  hand,  was  reflected  four  times  at  glass-metal  interfaces. 
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By  r aising  and  lowering  the  four  prisms  as  a unit  either  Bj  or  B2  could  be 
directed  into  a Pulfrich  photometer®  (see  Fig.  2).  The  quotient  of  B2/B1  is 
very  nearly  equal  to  the  fourth  power  of  the  glass-metal- glass  reflectivity 
(a  small  correction  must  be  made  for  multiple  reflections).  For  the  case 
of  high  reflectivity  the  four-prism  sample  was  used,  but  for  lower  reflec- 
tivities one  to  three  of  the  sample  prisms  were  replaced  by  blanks  (no  met- 
al on  the  hypotenuse  face).  For  comparing  the  reflectivities  of  two  metals 
the  arrangement  of  drawing  C and  D was  employed. 


Fig.  2.  Drawing  showing  how  the  sample,  S or  S',  was  in- 
serted into  the  Pulfrich  photometer.  A Nicol  prism  N mount- 
ed beyond  the  eyepiece  E made  it  possible  to  measure  separ- 
ately the  reflectivity  in  the  s and  p planes.  The  Polaroid,  P 
or  P' , was  inserted  only  when  testing  the  sample  or  the  pho- 
tometer for  stray  polarization  effects.  F indicates  the  posi- 
tion at  which  the  various  filters  could  be  placed. 

Reflection  at  air-metal  interfaces  was  measured  with  the  arrangement 
of  Fig.  IE  and  F.  The  mirrors  Mj,  M2,  and  M3  of  drawing  E were  adigned 
so  that  the  center  ray  of  the  beam  leaving  M3  was  continuous  with  that  inci- 
dent on  Mj.  After  measuring  the  light  intensity  through  the  mirror  system 
in  both  the  s and  p planes,  the  mirror  M2  was  shifted  to  the  position  M2'  of 
drawing  F and  the  sample  (1,  11,  III,  and  IV)  was  added.  The  principle  of 
the  procedure  is  the  same  as  that  used  by  Strong®  except  that  45°  incidence 
is  employed  here. 

The  photometer,  shown  in  Fig.  2,  was  equipped  with  filters  which  had 
pass-bands  about  70A  in  width  at  hailf- maximum.  (The  wavelengths  at 
which  measurements  were  made  are  indicated  in  Figs.  6 and  7.)  A Nicol 
prism  was  added  to  the  eye-piece  to  polarize  the  beam  in  the  s or  p planes. 
Experience  showed  that  individual  settings  of  the  photometer  were  accurate 
to  about  t 2 per  cent,  and  the  average  of  several  readings  reduced  the  prob- 
able error  to  t 1 per  cent.  A careful  test  was  made  for  stray  polarization 
in  the  photometer  cind  in  the  samples.  With  a Polaroid  placed  in  one  beam 
(as  shown  in  Fig.  2)  and  set  with  its  transmission  plane  vertical  (or  hori- 
zontal) the  Nicol,  when  turned  to  a crossed  position,  transmitted  less  than 
0.1  per  cent.  When  a sample  of  four  glass  prisms  was  added,  the  trans- 
mitted light  increased  to  about  0.1  per  cent,  which  is  still  less  than  the  ex- 
perimental error  in  the  actual  reflectivity  measurements.  The  strain  in  the 
right-angle  prisms,  although  too  small  to  be  found  with  the  ordinary  crossed 
Polaroid  method,  was  easily  detectable  when  a knife  edge  was  used  in  con- 
junction with  the  polaroids.  A further  check  of  the  prisms  was  made  by 
comparing  the  transmission  in  the  s and  p planes  for  glass-air-glass  re- 
flectivities; they  were  always  found  to  be  equal.  Parts  could  be  interchanged, 
such  as  the  sample  shifted  from  one  beam  to  the  other,  without  any  change  in 
the  results.  By  securing  a sample  to  a metal  base  it  could  be  turned  so  that 
its  plane  was  either  horizontal  or  vertical. 

The  chief  advantage  of  a visual  type  photometer  for  exploratory  work  is 
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its  extreme  flexibility.  For  example,  by  a suitable  arrangement  of  lenses 
a very  fine  beam  could  be  used  thereby  making  possible  a study  of  varia- 
tions over  a sample  surface.  For  accuracy  and  convenience,  however,  the 
Beckman  spectrophotometer^®  was  found  to  be  far  superior.  (A  suitable 
mechanism  had  been  constructed  for  moving  the  samples.)  Also  the  wave- 
length range  was  extended  beyond  the  visible. 

Calculations  Using  the  Equations  of  Electromagnetic  Theory 

The  equations  required  to  describe  the  reflection  of  light  at  a dielectric- 
metal  interface  were  selected  from  the  complete  list  given  by  Konig.^  The 
reflectivity  is  indicated  by  R with  s and  p designating  the  two  planes  of  polar- 
ization; 

2 2 2 

n a + b - 2a  cos  i + cos  i 

^s  2 2 2 

a + b + 2a  cos  i + cos  i 
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R 
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2 2 2 2 

a + b - 2a  sin  i tan  i + sin  i tan  i 

2 2 2 2 

a + b + 2a  sin  i tan  i + sin  i tan  i 
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The  angle  i is  the  angle  of  incidence.  The  two  variables  a and  b are  defined 
by  the  following  equations: 


2 

a 


2 2 .2  2,2  2,2 
- n sin  ij  + 4n  k + n - k 
o 


2.2. 
n sin  1 
o 


b 


2 


2 . 2 .,2  ^ . 2.  2 
n sin  1]  + 4n  k 

o 


2 

n 


+ k‘ 


+ n^  sin^  i 
o 


(3) 


(4) 


Here  k and  n are  the  optical  constants  of  the  metal  and  n is  the  index  of 
refraction  of  the  dielectric  (glass  or  air).  P'or  normal  incidence  (i  = 0°) 
both  Rg  and  Rp  reduce  to  Rq  which  is  given  by 


R 
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When  n2  and  n§  are  small  relative  to  k2,  a further  simplification  is  possible; 


R 
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1 - 4n  n/k 
o 


(6) 


Since  it  is  inconvenient  to  solve  Eq.  (1)  or  (2)  explicitly  for  n in  terms 
of  Rg  (or  Rp),  k,  Oq,  and  i,  the  experimental  data,  Rg  and  Rp,  were  combined 
in  a manner  which  made  it  possible  to  use  the  much  simpler  Eq.  (5).  A pre- 
liminary step  was  to  define  a new  reflectivity^  R = l/2(Rg  + Rp).  Since  the 
difference  R = Rq  - R is  relatively  small,  R was  used  in  Eq.  (5)  to  get  a 
provisional  value  of  n.  This  n was  in  turn  used  to  obtain  ^R  from  the  graph 
of  Fig.  3.  Figure  4 has  been  included  to  show  the  manner  in  which  the  vari- 
ous R's  depend  on  the  angle  of  incidence. 

The  method  of  calculating  just  described  makes  use  of  the  average  of 
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n 

Fig.  3.  Graph  showing  the  values  of  as  a function  of  n 
and  k.  The  numbers  on  the  curves  indicate  the  k values. 
Note  that  the  vertical  scale  for  the  positive  region  is 
different  from  that  for  the  negative  region.  The  calculations 
are  for  a vacuum- metal  interface.  To  use  the  graph  for  the 
case  of  a dielectric  other  than  vacuum,  n and  k must  be  nor- 
malized, that  is,  divided  by  the  index  of  refraction  of  the  di- 
electric. 


Fig.  4.  Graph  showing  the  variation  in  reflectivities  with 
changing  angle  of  incidence  for  a particular  set  of  values  for 
k,  n,  and  nQ.  Note  that  at  45°  the  value  of  r|  is  equal  to  Rp. 
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Rg  and  Rp;  a sef'ond  method  of  combining  them  is  to  take  their  ratio.  It  is 
evident  from  Eq.  (i‘,  and  (2)  that  R^/Rp  is  equal  to  unity  when  i is  equal  to 

45°.  Accordingly,  the  value  of  R^/Rp  was  used  as  a test  to  determine 
whether  or  not  the  reflection  interfaces  satisfied  the  boundary  conditions 
assumed  when  Eq.  (1)  and  (2)  were  derived.  The  assumptions  of  particular 
interest  are  that  the  interface  be  plane  (not  rough)  and  that  at  the  interface 
the  optical  properties  change  discontinuously  (no  gradients).  These  condi- 
tions are  satisfied  in  a practical  way  when  the  roughness  amplitude  and  the 
thickness  of  the  transition  region  are  very  smiall  relative  to  the  wavelength 
of  the  radiation. 

When  using  Eqs.  (5)  or  (6)  it  is  advantageous  to  keep  in  mind  the  rela- 
tive magnitude  of  the  quantities  involved.  Since  for  the  metals  being  studied 
here  k2  was  usually  large  relative  to  n^,  the  discussion  will  be  based  on  Eq. 
(6).  It  might  appear  from  this  equation  that  the  calculated  n value  would  be 
very  sensitive  to  k because  k appears  to  the  second  power.  This  is  indeed 
true,  but  k is  known  to  a few  per  cent  whereas  1-R  is  only  crudely  known. 

It  follows  that  in  regions  of  high  reflectivity  any  reasonable  k value  is  suf- 
ficient but  that  it  is  highly  important  to  measure  R accurately.  Since  this 
is  difficult,  the  per  cent  error  for  n will  usually  be  many  times  that  for  k. 

Because  of  multiple  reflections  between  the^our  prisms  composing  a 
sample,  it  was  necessary  to  add  a correction  to  R and  Rg/Rp.  This  correc- 
tion was  computed  on  the  basis  of  intensity  addition.  The  results  are  shown 
in  Fig.  5 for  the  case  of  all  four  prisms  metallized.  Similar  graphs  were 
constructed  for  the  cases  of  less  than  four  prisms  metallized. 


Fig.  5.  Graph  showing  the  corrections  for  the  errors  due  to 


multiple  reflections  between  the  prisms.  ^ R and 


^(R2/R, 


) 


are  to  be  added  to  the  experimental  values  of  R and  Rg/Rp  re- 
spectively. Included  on  the  graph  is  the  fractional  error  in  R. 
(This  graph  is  for  the  case  of  a 4-prism  sample  with  all 
prisms  metallized.) 
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Discussion  of  Results 


Because  there  is  no  particular  use  for  reflectivities  at  glass-metal  in- 
terfaces measured  at  an  angle  of  incidence  equal  to  45°,  the  discussion  will 
be  concerned  only  with  the  n values  calculated  from  these  measurements. 
Before  considering  actual  cases,  several  general  features  of  the  results 
will  be  discussed. 

If  the  experimental  values  of  Rg/Rp  did  not  agree  with  the  theoretical 
(unity  for  i equal  to  45°)  to  within  the  accuracy  of  the  measurements,  the 
sample  was  considered  unsatisfactory.  Usually  the  deviations  of  R^/Rp 
and  R were  in  the  same  direction;  both  were  either  too  high  or  too  low.  An- 
r^ealing  at  temperatures  higher  than  150°C  produced  the  highest  values  of 
R,  but  such  values  were  not  used  to  calculate  n because  the  associated  val- 
ues of  R|/Rp  were  above  unity  by  more  than  the  experimental  error.  The 
exact  nature  of  the  sample  defect  in  these  cases  was  not  discovered.  On 
the  other  hand,  when  a sample  was  defective  because  of  surface  roughness, 
both  R|/Rp  and  R were  low. 

It  was  assumed  that  evaporated  films  formed  on  substrates  at  room 
temperature  would  be  strained  and  would  contain  crystal  defects.  ^ The 

effect  of  annealing  or  ageing  was  to  remove  these  strains  and  defects  there- 
by producing  a higher  reflectivity  and  therefore  a lower  value  of  n.  For  a 
given  metal  there  was  always  some  variation  in  the  R measured  on  freshly 
prepared  samples  both  for  the  air-metal  and  the  glass-metal  interfaces. 

The  effect  of  ageing  or  annealing  was  to  make  all  such  samples  identical  to 
within  the  experimental  accuracy.  Whereas  the  n values  of  preannealed 
samples  tended  to  be  lower  for  the  air-metal  than  for  the  glass-metal  inter- 
faces, the  order  was  reversed  after  annealing.  This  suggested  that  the 
strain  was  initially  greatest  at  the  glass-metal  interface.  The  best  values 
of  n (the  lowest)  were  obtained  from  glass-metal  measurements  on  aged 
samples;  these  values  are  given  in  Table  I and  Fig.  8. 

Figure  6A  for  Ag  illustrates  some  of  the  general  effects  just  mentioned 
and  also  for  comparison  gives  results  of  two  older  investigations. 
Measurements  on  the  air-metal  interface  after  annealing  are  not  shown 
since  it  was  assumed  that  exposure  would  alter  the  unprotected  metal  surface. 
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Fig.  6.  Graph  A shows  various  n values  for  a Ag  sample  to- 
gether with  the  results  of  two  older  measurements.  Graphs 
B and  C show  r2/R  values  for  the  same  sample. 
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TABLE  I 


Values  of  the  Index  of  Refraction,  n,  for  Ag,  Au,  Cu,  and 
Al.  These  values  are  based  on  glass-metal  reflectivities 
measured  with  a Beckman  spectrophotometer  on  samples 
which  had  been  annealed  or  aged  and  which  satisfied  the 


condition  = R . The  number  of  samples  (a  sample  con- 
sists of  4 metallized  prisms)  for  each  metal  was  as  fol- 
lows: F’or  Ag,  4;  for  Au.  2;  for  Cu,  2;  and  for  Al,  4. 


^ (m  ) 

Ag 

Au 

Cu 

Al 

0.85 

0.40 

0.87 

0.49 

0.88 

0.62 

0.72 

0.76 

0.60 

0.060 

0.23 

0.17 

0.97 

0.65 

0.070 

0.19 

0.13 

1.24 

0.70 

0.075 

0.17 

0.12 

1.55 

0.7o 

0.080 

0.16 

0.12 

1.80 

0.80 

0.090 

0.16 

0.12 

1.99 

0.85 

0.100 

0.17 

0.12 

2.08 

0.90 

0.105 

0.18 

0.13 

1.96 

0.95 

0.11 

0.19 

0.13 

1.75 

It  is  evident  that  when  the  value  of  n is  small  (reflectivity  high),  ageing 
causes  reductions  of  n of  nearly  50  per  cent.  Graphs  B and  C show  that 
the  ratio  average  was  near  unity  even  for  fresh  samples  but 

with  rather  pronounced  deviations  at  certain  wavelengths.  After  treatment 
these  deviations  were  no  longer  observed.  It  was  found  that  both  ageing 
and  annealing  produced  increased  reflectivity,  but  ageing  gave  the  most 
consistent  results.  The  initial  change  with  time  was  approximately  linear, 
but  there  was  a leveling  off  after  about  six  months. 

Although  the  k values  of  Kretzmann^'^  and  of  Hass^^  are  in  good  agree- 
ment with  the  new  values  reported  in  Part  I,  their  n values  are  considerably 
higher  than  those  in  Fig.  6A.  This  is  understandable  since  k is  dependent 
on  the  density  of  free  electrons  in  the  metal‘s  which  is  probably  independent 
of  the  structure  defects.  On  the  other  hand,  n depjends  on  the  conductivity 
of  the  sample  which  is  highly  sensitive  to  the  presence  of  strains  and  de- 
fects in  general. 

Figure  7 A for  Cu  shows,  in  addition  to  general  trends,  the  effect  of  an- 
nealing on  regions  both  of  high  and  low  values  of  n (low  and  high  values  of 
R respectively).  For  comparison  purposes  the  values  of  Lowery^^  are  in- 
cluded as  they  are  among  the  lowest  found  in  the  literature;  the  values  of 
Tool^^  and  Meier (Part  I)  are  rather  high. 

In  all  essential  aspects  the  results  for  Au  (Table  I and  Fig.  8)  are  sim- 
ilar to  those  of  Cu.  It  was  observed  that  annealing  changed  the  color  of  a 
film  slightly;  A fresh  deposit  was  slightly  orange  in  appearance,  but  after 
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Fig.  7.  Graph  A shows  various  n values  for  one  of  the  Cu 
samples.  Graphs  B and  C show  the  R|/Rp  values  for  the 
air-metal  interfaces  of  samples  of  Pb  and  Sn  respectively. 
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Fig.  8.  Values  of  n for  Ag,  Au,  Cu,  and  Al.  It  is  interesting 
to  compare  the  dispersion  shown  here  in  the  n values  with  that 
of  the  k values  shown  in  Figs.  4-7  of  Part  I. 

an  annealing  treatment  this  changed  to  the  typical  yellow  of  pure  Au. 

For  Al  comparison  data  exist  only  for  the  visible  region.  The  new 
results  (see  Table  I and  Fig.  8)  are  lower  than  those  of  O'Bryan^^  but 
somewhat  higher  than  those  reported  by  Hass.^^  Although  the  reflectivi- 
ties of  glass-metal  interfaces  of  Al  samples  increased  somewhat  with  age- 
ing and  annealing,  the  change  was  less  than  for  the  other  three  metals.  Us- 
ing the  data  of  Table  I and  Table  II  of  Part  I the  calculated  reflectivity  at 
normal  incidence  for  a vacuum-Al  interface  in  the  wavelength  region  of 
0.40//  to  0.45M  was  0.905  which  is  higher  than  the  experimental  result  of 
Strong®  (0.900)  but  lower  than  that  of  liass^^  (0.915). 
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Discussion  of  Errors 


Auxiliary  experiments  were  performed  to  obtain  general  information 
on  several  types  of  surface  defects.  To  test  the  effect  of  surface  rough- 
ness, measurements  were  made  on  films  of  Pb  and  Sn  (one  4-prism  sam- 
ple of  each).  The  air-metal  surfaces  of  Pb  films  are  grossly  rough  rela- 
tive to  those  of  Ag,  Au,  Cu,  and  Al,  but  still  not  so  rough  as  to  impair  image 
formation  severely.  Figure  7B  shows  that  the  R|/R  values  for  the  air-Pb 
reflection  averaged  about  0.90.  This  result  suggest^  that  in  the  group  Ag, 
Au,  Cu,  and  Al  the  error  attributable  to  surface  roughness  must  be  extreme- 
ly small,  even  for  air-metal  interfaces. 

Measurements  on  milky  white  Sn  films  which  had  extremely  rough  sur- 
faces led  to  the  results  given  in  Fig.  7C.  This  graph  shows  that  for  long 
wavelengths  there  is  less  diffuse  scattering  than  for  shorter  ones.  For 
both  Pb  and  Sn  measurements  on  glass-metal  interfaces,  the  r|/ Revalues 
were  essentially  unity.  It  was  impossible  to  carry  through  the  calculations 
for  n because  reliable  k measurements  were  not  available.  It  was  found 
that  annealing  had  no  apparent  effect  on  the  Pb  sample  but  that  ageing  pro- 
duced a noticeable  increase  of  the  reflectivity  of  the  glass-metal  interface. 
One  would  expect  a Pb  film  to  be  free  from  strain  but  not  from  lattice  de- 
fects. 

To  obtain  a practical  estimate  of  the  experimental  error  in  the  meas- 
urements made  with  arrangement  A and  B of  Fig.  1,  the  results  for  Ag  and 
Al  were  compared  with  those  given  by  the  arrangemejit  shown  in  drawings 
C and  D.  It  was  found  that  the  ratio  of  reflectivities  ^Ag^^Al  deter- 
mined by  each  method  differed  by  about  0.2  per  cent. 

When  all  possible  sources  of  error  were  considered,  the  probable  er- 
ror, n,  in  n was  found  to  depend  on  the  value  of  n in  the  following  man- 
ner: when  n > 1,0,  the  value  of  A n was  t 0.03;  for  n values  in  the  range  of 
1.0  to  0.4  the  value  of  An  was  t 0.02;  and  for  n < 0.4  the  value  of  An  was 
t 0.01.  Although  these  may  seem  to  be  small  absolute  uncertainties,  the 
equivalent  percentage  is  very  great.  For  Ag,  for  example,  the  uncertainty 
is  t 20  per  cent. 


Conclusions  and  General  Remarks 

1.  The  present  paper  and  the  preceding  one  describe  accurate  proce- 
dures for  determining  the  optical  constants  of  metals.  With  these  proce- 
dures a new  set  of  values  has  been  given  for  the  wavelength  region  of  0.45/^ 
to  0.90//  . 

2.  It  has  been  shown  that  the  values  of  n obtained  by  a reflection  meth- 
od are  very  sensitive  to  the  presence  of  strains  and  crystal  defects  occur- 
ring in  freshly  prepared  samples  made  with  an  evaporation  technique.  These 
defects  can  be  removed,  however,  by  annealing  or  by  ageing  to  obtain  the 
more  nearly  correct  values  of  n.  The  absorption  coefficient  k,  on  the  other 
hand,  appears  to  be  independent  of  these  defects  (see  Part  I). 

3.  The  ratio  of  reflectivities,  Rs/R^'  angle  of  incidence  can  be 

used  to  judge  the  suitability  of  a dielectmc-metal  interface  for  reflectivity 
measurements.  The  samples  used  to  prepare  Table  I satisfied  this  condi- 
tion to  within  the  experimental  error  of  t 0.005  in  R^/Rp. 

4.  As  was  emphasized  in  Part  I,  it  is  not  possible  in  general  to  deter- 
mine directly  the  bulk  properties  of  a metal  from  surface  measurements. 
Accordingly  the  n values  of  Table  I based  on  reflectivity  measurements  ap- 
ply only  to  surface  properties  and  are  different  from  those  associated  with 
the  interior.  The  k and  n values  of  this  paper  and  Part  I can  be  used  for 
any  real  physical  problem  but  cannot  be  used  to  check  a solid  state  theory 
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of  metals.  The  extent  of  the  difference  in  the  optical  constants  measured 

at  the  surface  and  in  the  interior  is  the  subject  of  a subsequent  paper. 

This  research  was  supported  in  part  by  U.  S.  Air  Force  Contract  No. 

AF  33(038)-6534. 
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VI 


THE  THICKNESS  OF  THE  HELIUM  FILM 


Lothar  Meyer 

(Submitted  to  The  Physical  Review) 

It  is  suggested  that  the  change  in  thickness  of  ihe  helium  film  at  the 
\-point  is  not  caused  by  any  essential  change  in  the  thermodynamic  rela- 
tion between  film  thickness,  pressure,  and  temperature.  It  can  be  due  to 
the  onset  of  superfluidity  below  the  \ -point  which  causes  a great  change  in 
the  rate  of  approach  to  equilibrium  and  consequently  of  the  average  of  the 
film  thickness  during  the  experimental  fluctuation  of  pressure  and  tempera- 
ture. 


The  thickness  of  the  helium  film  in  contact  with  bulk  liquid  has  usually 
been  measured  by  using  a vertically  oriented  specimen  hanging  in  the  vapor 
space  and  touching  the  liquid  at  its  lower  end.  ^ It  has  been  found  that  the 
thickness  of  the  film  is  markedly  different  above  and  below  the  \ -point, 
changing  from  a thickness  of  10-15  layers  above  the  A -point  to  values  an 
order  of  magnitude  higher  at  temperatures  below  the  A -point,  this  change 
occurring  within  a temperature  region  of  a few  thousandths  of  a degree,  as 
the  A-point  is  crossed. 

This  abrupt  change  of  thickness  under  saturation  conditions  means  that 
at  constant  thickness  the  equilibrium  pressure  of  the  vapor  in  contact  with 
the  film  must  change  sharply  at  the  A -point.  However,  thermodynamics 
puts  rather  sharp  limitations  on  this  change. ^ The  equilibrium  pressure  of 
this  one-component  system  is  a measure  of  the  free  energy,  which  cannot 
change  in  this  manner;  therefore,  some  other  explanation  must  be  sought. 

It  is  the  purpose  of  this  note  to  point  out  a mechanism  to  resolve  this 
apparent  paradox. 

The  adsorption  isotherm  of  helium  and  of  other  simple  gases  goes 
asymptotically  to  infinity  — at  least  mathematically  — as  the  equilibrium  pres- 
sure P over  the  film  approaches  Pq,  the  vapor  pressure  of  the  bulk  liquid. 
Theoretical  considerations  by  Frenkel,^  Halsey,'^  Hill,^  and  McMillan  and 
Teller,®  have  shown  that  at  high  saturations  the  isotherms  should  have  the 
form ; 


_3  _ k 
" In  P/P 

o 


(1) 


where  n is  the  number  of  adsorbed  layers  and  k is  a constant.  Bowers^  has 
shown  that  Eq.  (1)  represents  his  data  quite  well  for  the  adsorption  of  N2, 

A,  O2,  and  He  at  high  saturations  (P/Pq^  0.70  to  0.99).  For  a given  ad- 
sorption system  the  constant  k is  a function  of  temperature,  and  for  helium 
is  found  to  lie  between  15  and  25  in  the  neighborhood  of  the  A -point. 

In  Table  I is  given  for  helium  the  number  of  adsorbed  layers  in  films 
at  four  values  of  the  saturation  P/Pq  between  0.9900  and  1.0000,  as  calcu- 
lated from  Eq.  (1),  with  a chosen  value  of  k ==  20.  Table  I represents,  there- 
fore, an  extrapolation  of  the  direct  measurements  of  Bowers,  using  Eq.  (1) 
for  the  extrapolation. 
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TABLE  1 


P/P 

n 

o 

0.9900 

12.6 

0.9990 

27.2 

0.9999 

58.4 

1.0000 

oo 

Even  under  the  most  carefully  controlled  conditions  P and  T will  fluc- 
tuate during  an  experiment,  with  the  result  that  P/Pq  changes  by  at  least 
0.1  per  cent,  and  in  many  cases  even  by  as  much  as  1 per  cent,  i.e.,  over 
the  whole  range  given  in  Table  I. 

In  such  a case  the  experimentally  determined  value  of  the  film  thick- 
ness will  correspond  to  the  average  of  P/Pq  only  if  the  changes  in  thick- 
ness occur  rapidly  enough  to  follow  the  fluctuations  in  P/Pq  without  appre- 
ciable delay.  If,  after  a disturbance,  the  approach  to  equilibrium  is  slow 
compared  to  the  period  of  the  fluctuations,  the  observed  film  thickness  can 
deviate  considerably  from  the  value  which  corresponds  to  the  average  P/Pq 
during  the  experiment. 

Equilibrium  between  a condensed  phase  and  its  vapor  is  usually  estab- 
lished extremely  fast  by  evaporation  and  condensation.  In  the  case  of  heli- 
um, the  kinetic  flux  vapor-film  is  ~ 1 gm/cm^/sec  (Ref.  1),  whereas  less 
than  lO'S  gm/cm2  are  sufficient  to  change  the  thickness  by  one  layer.  How- 
ever, PicusS  has  pointed  out  that  for  helium  films  this  mechanism  is  inhib- 
ited, due  to  the  relatively  high  heat  of  vaporization.  The  heat  capacity  of 
the  film  and  substrate  system  is  so  small  that  any  change  of  film  thickness 
by  condensation  or  evaporation  would  lead  to  such  strong  local  heating  or 
cooling,  respectively,  that  the  process  is  stopped  immediately.  It  can  pro- 
ceed only  at  a rate  such  that  the  heat  of  vaporization  is  dissipated  (or  pro- 
vided). Above  the  A-point,  this  is  a very  slow  process  indeed.* 

It  may  safely  be  assumed  that  above  the  A -point  the  approach  to  equi- 
librium between  film  and  vapor  is  sufficiently  slow  to  allow  a considerably 
lag  between  the  fluctuations  in  P/Pq  and  the  resulting  changes  in  film  thick- 
ness, e.g. , if  P/Pq  was  initially  low,  and  is  increasing,  the  number  of  ad- 
sorbed layers  will  increase  only  with  considerably  delay.  It,  however, 

P/Pq  drops  from  a temporarily  high  value  to  a lower  saturation,  the  film 
can  rid  itself  of  the  excess  fluid  comparatively  fast.  Bulk  liquid  is  formed 
which  simply  runs  off  the  vertical  walls,  eventually  forming  drops.  This 
drop  formation  has  been  observed  by  Burge  and  Jackson^  and  by  Ham  and 
Jackson^®  even  below  the  A -point. 

Since,  according  to  these  arguments,  the  film  thickness  can  decrease 
more  rapidly  than  it  can  increase,  the  average  observed  thickness  will 
therefore  be  smaller  than  that  which  corresponds  to  the  average  of  P/Pq 
during  the  experiment,  and  may  even  be  expected  to  be  rather  near  to  that 

* Bowers  (Ref.  1)  observed  that  even  below  the  A -point  the  approach  to 
equilibrium  between  film  thickness  and  pressure,  after  a change  of 
pressure,  required  minutes  in  his  geometry,  and  was  roughly  propor- 
tional to  the  film  flow  rate;  this  is  consistent  with  the  argument,  since 
below  the  A -point  the  heat  transport  which  governs  the  rate  of  conden- 
sation or  evaporation  is  determined  by  the  superfluid  motion  of  the  film. 
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corresponding  to  the  lowest  value  of  P/Pq  reached  during  the  fluctuations. 
The  observed  values  of  10-25  layers  are  consistent  with  this  interpreta- 
tion. 

The  situation  is  radically  changed  as  soon  as  the  temperature  is  low- 
ered below  the  A -point.  In  this  region  the  well-known  superfluidity  of  the 
film  provides  a new  and  fast  mechanism  for  changing  the  film  thickness, 
which  can  now  increase  about  as  fast  as  it  can  decrease,  because  super- 
fluid film  can  run  up  from  the  reservoir  of  bulk  liquid.  The  approach  to 
equilibirum  by  evaporation  and  condensation  is  enhanced  to  the  same  de- 
gree as  heat  transport  in  the  film  is  provided  by  superfluid  flow.* 

The  asymmetry  in  the  speed  with  which  the  film  thickness  can  follow 
fluctuations  in  P/Pq  is  therefore  removed  below  the  ^ -point;  consequent- 
ly, the  average  thickness  must  move  from  the  low  values  found  above  the 
A -point  to  values  which  more  nearly  cori  espond  to  the  equilibrium  case 
of  P/Pq  = 1.  somewhere  between  50-  oo  layers,  according  to  Table  I.  (The 
average  film  thickness  will  then  be  determined  by  other  factors,  such  as 
gravity,  geometry,  etc.,  not  subject  to  the  fluctuation  arguments  presented 
here.)  In  this  way  the  observed  film  thickness  can  change  by  a considerable 
factor  at  the  A -point,  although  the  thermodynamic  relationship  between  n 
and  P/Pq  remains  the  same. 

The  comparatively  great  differences  in  the  results  of  different  investi- 
gators (compare  Ref.  1)  may  be  due,  at  least  in  part,  to  the  effects  described 
above.  The  average  observed  film  thickness  should  depend  on  the  amplitude 
and  period  of  the  fluctuations  in  temperature  and  pressure  during  a given  ex- 
periment. Since  these  fluctuations  are  not  easily  measured,  and  actually 
were  never  recorded,  it  seems  impossible  for  the  time  being  to  try  a quan- 
titative analysis  of  the  discrepancies  between  the  results  of  different  inves- 
tigators . 

Thanks  are  due  to  E.  A.  Long  and  M.  H.  Cohen  for  criticism  and  advice. 
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* Even  below  the  X -point  the  thickness  of  the  film  is  smaller  by  a factor 
of  about  2.5  when  the  specimen  is  not  touching  the  bulk  liquid  (Com- 
pare Ref.  1).  This  evidence  is  quite  consistent  with  the  picture  that  the 
flow  of  film  from  the  reservoir  of  bulk  liquid  is  necessary  to  shift  the 
average  observed  thickness  to  the  high  values  observed  in  the  He  11 
region. 
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VII 


GAUSSIAN  FUNCTIONS  IN  MOLECULAR  INTEGRALS 


Ryoichi  Kikuchi 

(Submitted  to  The  Journal  of  Chemical  Physics) 

The  usual  procedure  of  evaluating  many-center  integrals  appearing  in 
molecular  problems  is  to  expand  functions  around  one  common  center.  On 
the  other  hand,  Boys^  has  shown  that  if  one  uses  functions  of  the  Gaussian 
type  instead  of  the  ordinary  exponential  ones,  the  many- center  integrals 
can  be  evaluated  in  closed  forms.  This  note  is  to  show  a method,  which 
might  be  worth  being  exploited,  to  transform  integrals  including  exponen- 
tial functions  into  ones  including  Gaussian  functions. 

The  following  relation  holds  for  a non-negative  r: 

00 

e r exp  (-  (r/2t)^  - t^l  dt.  (1) 

By  putting  r = \fs  and  4t2  = l/z,  one  sees  that  this  is  a modification  of  the 
Laplace  transformation.  In  order  to  prove  Eq.  (1)  straightforwardly,  the 
following  integral  is  shown  to  be  independent  of  r ( ^ 0)  by  differentiation 
with  respect  to  r: 

00 

J" exp  [-  - t)^l  dt. 

0 

The  procedure  of  transforming  into  Gaussian  functions  becomes  help- 
ful particularly  when  dealing  with  two-electron  wave  functions  which  depend 
on  the  relative  distance.  As  an  illustration,  a case  of  four-center  integrals 
is  shown  below  to  be  reduced  to  a quadruple  integral. 
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When  one  puts  0(  = 0,  Eq.  (2)  reduces  to  an  ordinary  four-center  integral. 

As  the  integrand  of  Eq.  (2)  is  a fairly  well-behaved  function  of  the  variables, 
except  for  the  values  near  the  upper  and  the  lower  limits,  it  may  not  be  im- 
practicable to  carry  out  the  numerical  quadrature. 
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XII 


EFFECT  OF  PRESSURE  ON  F-CENTER  ABSORPTION 
IN  ALKALI  HALIDES 
I.  S.  Jacobs 

(Submitted  to  The  Physical  Review) 

Abstrac:t 


Measurements  are  reported  for  the  effect  of  hydrostatic  pressure  to 
5000  atmospheres  on  the  F-cenler  absorption  of  seven  alkali  halides.  An 
interpretation  is  made  of  the  shift  of  the  absorption  band  maximum  with 
pressure,  and  of  the  difference  between  the  shift  with  pressure  and  that 
with  temperature.  The  shift  with  pressure  depends  almost  entirely  on  the 
local  interionic  distance  at  the  F-center.  The  shift  with  temperature  is 
largely  governed  by  this  same  factor,  but  it  must  be  supplemented  by  a 
contribution  from  the  interaction  of  the  F-center  electron  with  the  optical 
vibrations  of  the  lattice.  Effects  of  the  pressure-induced  structure  trans- 
formation in  RbCl  are  described  for  both  phot(Jchem ically  and  additively 
colored  crystals. 


I.  Introduction 

The  properties  of  the  alkali  halide  crystals  iiave  merited  particular 
attention  in  the  field  of  solids  partly  because  of  the  hope  that  their  inher- 
ent simplicity  will  lead  to  an  understanding  which  may  be  extended  to  the 
whole  field.  The  problems  and  phenomena  associated  with  the  externally 
induced  colored  absorption  bands  in  alkali  halides  have  commanded  con- 
siderable attention  since  Pohl*  and  his  co-workers  subjected  them  to  many 
careful  experiments,  starting  in  the  1920’s. 

Both  experimental  and  theoretical  investigations  of  recent  years  on 
the  colored  absorption  bands  in  ionic  crystals  seem  to  confirm  the  defect 
model  of  the  centers  responsible  for  the  absorption.  This  model  assumes 
the  presence  of  electrons  in  quasi-alomic  or  molecular  states  trapped  in 
the  vicinity  of  lattice  imperfections  in  ionic  crystals,  and  attributes  the 
bands  to  electronic  transitions  between  these  states.  Excellent  reviews  of 
these  problems  may  be  found  in  the  work  of  Mott  and  Gurney^  and  of  Seitz. ^ 

Among  these  colored  bands,  the  so-called  F-bands  of  the  alkali  halides 
play  a very  fundamental  role.  Their  absorption  spectra,  in  or  near  the 
visible  range,  are  bell -shaped.  The  peak  wave  number  and  width  may  be 
made  to  vary  with  temperature  and  pressure.  Over  the  range  of  alkali 
halide  crystals  with  the  NaCl  lattice  strucHire,  Mollwo^  has  indicated  that, 
at  a given  temperature,  the  peak  wavelength  of  the  F-band  is  approximately 
proportional  to  the  square  of  the  interionic  distance.  More  recently,  Ivey® 
has  made  a better  representation  in  this  form  using  the  exponent  1.84  in- 
stead of  2.  This  relation  is  an  empirical  one.  Its  successful  prediction 
from  theory  is  bound  up  with  the  problem  of  calculating  the  wave  functions 
and  energy  levels  of  electrons  trapped  at  lattice  defects. 

Most  of  the  theoretical  calculations  for  F-centers  have  treated  the 
crystal  as  a homogeneous  dielectric  continuum,  with  the  electron  moving 
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in  the  central  field  of  the  halogen  ion  vacancy  which  serves  as  the  trapping 
site.  Among  the  contributors  to  this  approach  are  Tibbs,*  Kubo,^  Simpson,® 
Inui  and  Uemura,’  Pincherle,'®  and  Krumhansl  and  Schwartz."  An  alterna- 
tive approach  employs  a molecular  orbital  model  of  an  F'-center,  wherein 
the  wave  function  of  the  electron  is  taken  as  the  linear  combination  of  atom- 
ic orbitals,  each  representing  the  extra  electron  in  an  atomic  state  on  one 
of  the  atoms  adjacent  to  the  halogen  ion  vacancy.  The  first  calculations  of 
this  type  are  due  to  Muto"  and  to  Inui  and  Uemura.’  The  molecular  orbital 
model  has  received  significant  support  from  the  electron  spin  resonance 
absorption  experiment  on  colored  KCl,  performed  by  Hutchison  and  Noble." 
Kahn  and  Kittel"  have  made  an  interpretation  of  this  work,  and  additional 
experiments  of  this  type  have  been  done  by  Kip,  Kittel,  Levy  and  Portis." 

At  the  present  time,  the  work  of  Inui  and  Uemura,  confined  to  the  lithium 
salts,  is  the  only  quantitative  calculation  of  energy  levels  with  this  model. 

In  recent  years  considerable  attention  has  been  directed  toward  the 
explanation  of  the  shift  of  the  absorption  peak  toward  longer  wavelengths, 
and  of  the  increase  in  the  absorption  band  width,  with  increasing  tempera- 
tui-e.  The  importance  of  the  interaction  of  the  electron  with  optical  vibra- 
tions of  the  lattice,  to  account  for  both  the  shift  and  the  broadening,  has 
been  emphasized  in  the  work  of  Muto,"  Huang  and  Rhys,**  Lax,*^  and 
O'Rourke.'®  On  the  other  hand,  the  temperature  shift  has  been  ascribed 
mainly  to  the  thermal  expansion  of  the  lattice  by  Inui  and  Uemura®  and 
Nagamiya.*®  The  last  two  investigators  and  Burstein  and  Oberly^  have  em- 
ployed an  adiabatic  approximation  to  determine  the  effect  of  neighboring 
ion  position  on  the  F-center  energy,  and  accordingly  the  effect  of  thermal 
agitation  on  the  width. 

Muto  has  pointed  out  that,  in  reality,  we  have  to  consider  simultane- 
ously not  only  effects  arising  from  thermal  expansion  but  also  those  con- 
nected with  the  excitation  of  lattice  vibrations  in  order  to  obtain  a full 
knowledge  of  the  phenomena  concerned.  In  an  attempt  to  separate  and 
clarify  these  effects,  an  investigation  was  undertaken  to  study  the  depend- 
ence on  hydrostatic  pressure  of  the  F-band  parameters.  One  limited  ex- 
periment of  this  type  has  been  reported  briefly  by  Burstein,  Oberly,  and 
Davisson.^'  Measurements  are  reported  below  on  the  F-absorption  band 
of  seven  alkali  halides  at  room  temperature  up  to  pressures  of  5000  atmos- 
pheres. The  compounds  studied  were  NaCl,  NaBr,  KCl,  KBr,  KI,  RbCl,  and 
CsCl.  Other  compounds  were  not  studied  owing  to  difficulties  in  procure- 
ment or  preparation  of  suitable  samples,  experimental  difficulties  in  the 
optical  transmission  of  the  pressure  chamber,  or  the  instability  of  their 
F-band  at  room  temperature. 

The  results  of  the  experiments  on  the  shift  of  the  band  peak  with  pres- 
sure are  compared  with  the  existing  data  in  the  literature  on  the  shift  with 
temperature,  in  an  effort  to  interpret  how  the  effects  mentioned  above  have 
to  be  taken  into  account  to  form  a consistent  picture.  For  most  of  the  com- 
pounds studied,  the  shift  of  the  peak  with  pressure  is  less  than  that  with 
temperature.  In  the  analysis  of  the  data  for  these  compounds,  it  is  shown 
that  a small  part  (up  to  5 percent)  of  the  pressure  shift  is  due  to  the  inter- 
action of  the  electron  with  the  optical  lattice  vibrations.  The  remainder  of 
the  shift  is  due  to  the  explicit  dependence  of  the  F-center  energy  on  local 
interatomic  distance.  The  additional  increment  for  the  temperature  shift 
above  the  pressure  shift  is  attributed  to  a further  interaction  with  optical 
lattice  vibrations.  An  expression  is  obtained  for  the  band  width  which  com- 
bines the  two  existing  theories  and  is  consistent  with  the  analysis  of  the 
shift  of  the  band  peak  with  pressure  and  temperature.  The  negligible  effect 
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of  pressure  on  the  band  width  is  in  agreement  with  these  considerations. 

A L /rdiriate  purpose  of  the  present  investigation  is  a study  of  the  ef- 
fects on  tne  F-band  of  the  structure  transformation  in  the  rubidium  halides. 
Excepting  the  fluoride,  these  salts  show  a polymorphic  transition  at  room 
temperature  and  about  5000  atmospheres  pressure,  which  was  first  ob- 
served by  Slater^^  and  was  measured  by  Bridgman. R.  B.  Jacobs^*  has 
shown  that  the  crystal  structui-e  changes  from  the  NaCl  structure  to  the 
CsCl  structure  in  the  high  pressure  form.  Although  various  difficulties 
prevented  the  detection  of  a new  F-band  in  the  transformed  state,  a num- 
ber of  interesting  observations  are  described  and  discussed. 

II.  Experimental  Method 

A.  Apparatus 

A high  pressure  system  to  allow  for  spectrophotometric  measure- 
ments was  constructed  for  this  investigation.  It  was  used  in  conjunction 
with  a Beckman  Model  DU  Quartz  Spectrophotometer,  employing  the  usual 
tungsten  lamp  and  phototubes  for  the  visible  range.  The  system  is  capable 
of  subjecting  the  sample  to  8000  atmospheres  pressure,  although  problems 
with  failure  of  the  windows  restricted  most  of  the  work  to  a range  of  5000 
atmospheres . 

The  need  for  compactness  and  portability  gave  rise  to  several  special 
features  in  this  apparatus.  The  whole  system  is  self-contained,  with  the 
pump  for  generating  pressures  made  in  the  form  of  a plug  screwing  into 
the  high  pressure  bomb.  To  minimize  the  optical  path  through  the  bomb, 
a search  was  made  for  a more  compact  method  of  sealing  the  synthetic 
sapphire  windows^*  than  the  Poulter^*  packing  usually  employed.  Our  ex- 
periments have  shown  that  it  is  feasible  to  use  ordinary  synthetic  rubber 
O-rings  to  seal  pressures  to  at  least  8000  atmospheres.  With  this  tech- 
nique only  one  O-ring  is  used  to  seal  both  the  window  and  its  supporting 
plug. 

The  high  pressure  apparatus  consists  of  the  pump,  the  bomb,  a mount- 
ing carriage  with  wheels,  and  a baseboard  arrangement  for  positioning  the 
Beckman  spectrophotometer.  This  baseboard  provides  a track  on  which 
the  carriage  can  be  rolled  so  that  either  the  observation  hole  or  the  blank 
reference  hole  is  in  position  in  the  light  path.  A black  cloth  is  fastened 
over  the  bomb  and  photocell  units  to  keep  out  stray  light  during  measure- 
ments. The  pump  is  capable  of  producing  a pressure  of  2000  atmospheres. 
The  pump  liquid  is  20  centistoke  DC-200  silicone  fluid  (Dow -Corning). 
Figure  1 shows  a diagram  of  the  high  pressure  bomb.  The  bomb  contains 
a piston  intensifier  to  magnify  the  2000  atmosphere  pressure  delivered  by 
the  pump  to  a maximum  pressure  of  8000  atmospheres  at  the  sample. 
Pressure  is  determined  by  measurement  of  the  change  in  resistance  of  a 
manganin  resistance  gage  which  is  immersed  in  the  pressure  fluid.  The 
gage  calibration  procedure  has  been  described  previously. The  hydrau- 
lic medium  around  the  sample  is  3 centistoke  DC-200  silicone  fluid,  which 
is  sufficiently  transparent  over  the  visible  range.  The  sample  holder  is  a 
split  cylinder,  with  a 4-inch  hole  transverse  to  the  cylinder  axis  to  permit 
passage  of  light.  One  of  the  cylinder  halves  has  a recess  3/8"  x 5/16"  x 
1/  16"  for  the  crystal  samples  which  are  cleaved  to  that  size.  A coil  spring 
around  the  cylinder  keeps  the  halves  together  and  provides  the  necessary 
friction  with  the  walls  to  maintain  the  holder  in  a fixed  position  in  the  bomb. 

The  Beckman  spectrophotometer  needs  no  modification  for  use  with 
the  high  pressure  system  except  for  the  separation  of  the  photocell  housing 
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from  the  main  unit  by  about  4 inches  to  accommodate  the  bomb. 


Fig.  1.  Diagram  of  the  high  pressure  bomb.  A,  reference 
hole;  B,  gage  plug  hole;  C,  synthetic  sapphire  window; 

D,  window  plug;  E,  sample  observation  hole;  F,  O-rings; 

G,  piston  intensifier;  H,  sample  region;  J,  portion  of  pump. 

R.  Preparation  of  Samples 

The  specimens  of  NaCl,  KCl,  and  KBr  used  in  this  work  were  cleaved 
from  single  crystal  blocks  obtained  from  the  Harshaw  Chemical  Company. 
No  analysis  of  these  samples  was  made,  but  the  work  of  Duerig  and  Mark- 
ham^® includes  a representative  analysis  of  this  type  of  commercial  sam- 
ple. Single  crystal  specimens  of  the  other  four  compounds  were  grown  in 
the  laboratory.  The  NaBr  salt  was  Mallinkrodt,  Analytical  Reagent,  and 
the  KI  salt  was  Baker  and  Adamson,  Reagent.  The  CsCl  salt  used  was  99+ 
percent,  0.5  percent  K,  0.02  percent  Pb,  the  two  listed  impurities  having 
been  added  for  a prior  experiment.  The  RbCl  samples  were  grown  from 
two  sources  of  the  salt.  One  grade  was  Fairmount,  c.p.,  for  which  spectro- 
scopic analysis  showed  5 percent  K,  0.5  percent  Ba,  0.4  percent  Na,  0.1 
percent  Cs,  and  lesser  quantities  of  Li,  the  other  alkaline  earths  and  Pb. 

A purer  source  was  Mackay  "99.99%”  for  which  spectroscopic  analysis 
showed  0.3  percent  K,  0.03  percent  Na,  and  smaller  quantities  of  Cs,  and 
the  alkaline  earths. 

The  NaBr,  KI,  and  RbCl  crystals  were  grown  in  air  from  a platinum 
crucible  by  the  Czochralski^®  method,  with  crystallization  occurring  on  a 
platinum  v,/ire  that  was  slowly  withdrawn  from  the  melt  surface.  The 
divalent  impurities  in  these  salts  were  reduced  in  concentration  by  a fac- 
tor of  two  to  ten  in  crystals  grown  in  this  manner.  The  CsCl  specimen 
was  grown  by  slowly  lowering  through  a gradient  furnace  an  evacuated  and 
sealed  Vycor  tube  containing  the  salt  in  a small  spun  platinum  crucible 
with  a conical  bottom.  All  samples  were  annealed  after  growth  for  a 12- 
hour  period.  The  air-grown  crystals  were  readily  cleaved  to  desired 
sizes.  The  CsCl  specimen,  however,  did  not  cleave,  and  was  sanded  to 
shape  on  emery  paper  and  finished  with  polishing  powders  and  jeweler’s 
rouge.  This  handling  was  done  under  silicone  fluid  due  to  the  deliquescent 
nature  of  CsCl.  Similar  handling  precautions  were  taken  with  those  of  the 
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other  samples  whose  surfaces  tended  to  fog  easily. 

The  F-band  was  produced  in  the  crystals  by  irradiating  them  with  x- 
rays  from  a Machlett  type  A-2  molybdenum  target  tube  with  a beryllium 
window.  The  irradiations  varied  from  5 minutes  to  90  minutes  (40-50  k.v., 
20  m.a.)  with  the  sample  about  one  inch  from  the  tube  window.  The  ranges 
of  time  correspond  to  the  -'arying  darkenability  of  the  different  compounds. 
X-irradiation  was  performed  in  the  dark,  during  which  all  samples  showed 
a faint  green  or  blue-green  flourescence . This  effect  has  also  been  ob- 
served by  Molnar^°  and  attributed  to  impurities  because  the  flourescence 
differs  in  natural  and  synthetic  NaCl.  Subsequent  handling  of  colored  sam- 
ples was  done  in  the  near-dark  or  with  appropriate  filters  over  the  light 
source  to  remove  F-band  light. 

Samples  of  KCl  and  RbCl  were  also  additively  colored  with  excess  K 
or  Na  metal.  A crystal  somewhat  larger  than  sample  size  was  sealed  in 
an  evacuated  Vycor  tube  with  the  metal.  The  metal  was  previously  melted 
in  a rough  vacuum  to  draw  off  trapped  gas.  The  tube,  c.-rystal,  and  metal 
were  so  arranged  in  the  furnace  that  the  crystal  was  kept  at  660°C,  while 
the  metal  was  at  about  200°C.  After  about  20  hours  the  tube  was  quenched 
in  a brine  solution.  Samples  suitable  for  measurement  were  cleaved  from 
inner  regions  of  the  colored  crystal. 

C.  Measurement  Procedure 

The  absorption  coefficients  of  the  crystals  were  measured  at  each  de- 
sired pressure,  as  a function  of  wave  number,  over  a range  embracing  the 
whole  F-band.  Readings  were  taken  on  a linear  wave  number  scale,  250 
cm"l  apart.  To  minimize  the  bleaching  effect  of  the  measuring  light,  the 
sensitivity  adjustment  on  the  spectrophotometer  was  set  so  that  minimum 
slit  widths  were  required.  In  this  way  the  entire  range  of  pressures  could 
be  explored  with  one  x-irradiation  of  a sample.  Such  readings  measured 
the  transmission  of  the  crystal  and  associated  liquid  and  windows  with  re- 
spect to  the  reference  hole  which  presented  the  same  geometrical  aperture. 
To  obtain  the  true  color  center  absorption  curve,  a correction  had  to  be 
applied  for  the  effect  of  the  blank  crystal  and  associated  apparatus.  This 
could  be  measured  by  assembling  the  system  with  an  uncolored  crystal  or 
by  bleaching  the  x-ray  colored  crystal  still  in  the  bomb  at  the  end  of  a 
pressure  run.  No  significant  differences  were  detected  between  these 
alternatives,  if  the  bleaching  with  an  ordinary  incandescent  lamp  were  suf- 
ficiently long.  The  latter  procedure  was  usually  adopted  for  the  x-rayed 
specimens,  while  the  former  procedure  was  necessary  for  the  additively 
colored  samples.  It  was  found  that  these  blank  absorption  curves  changed 
with  pressure  only  by  a linear  displacement  of  the  ordinate  of  the  curve. 
This  effect  arose  in  part  from  changes  in  the  interface  reflections  with  the 
variation  of  the  index  of  refraction  with  pressure  and  in  part  from  irre- 
versible changes  in  interfacial  conditions  induced  by  pressure.  From  this 
it  follows  that  one  blank  absorption  curve  taken  at  one  pressure  was  suffi- 
cient to  make  the  necessary  correction.  This  curve  was  merely  linearly 
displaced  to  fit  the  colored  absorption  curves  at  one  point  where  the  F- 
band  absorption  was  negligible.  Figure  2 shows  an  uncorrected  F-band 
curve  and  a correction  curve  taken  on  the  same  sample. 

A very  slow  contamination  of  the  bomb  fluid  took  place  at  the  violet 
end  of  the  spectral  range  due  to  a dissolution  of  binding  agents  from  the 
O-rings  and  piston  washer.  This  resulted  in  some  uncertainty  in  the  height 
of  the  F-band  and  gave  rise  to  an  uncertainty  in  the  width  at  half-maximum, 
y,  of  ± 0.004-10'^  cm"^. 
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Fig.  2.  Typical  uncorrected  F-band  curve  and 
a correction  curve  for  the  same  sample. 

To  avoid  the  distortion  in  the  position  of  the  band  maximum  due  to  the 
optical  bleaching  during  the  measurements,  absorption  curves  were  taken 
with  both  increasing  and  decreasing  wavelengths  in  separate  runs  on  each 
compound  except  NaBr  and  KI.  The  corrected  absorption  curves  were 
plotted  with  optical  density  (O.D.  = log20  ordinate  and  wave  num- 

ber (.u  = l/X)  as  abscissa.  For  each  curve  the  band  parameters  were  meas- 
ured, that  is,  the  peak  wave  number,  i?Vn,  and  the  width  at  half-maximum,  7. 
The  peak  wave  number  was  determined  by  extrapolation  on  the  curve  formed 
by  the  midpoints  of  the  bell-shap>ed  band  at  four  O.D.  values,  starting  up 
from  half  the  maximum  height  of  the  band.  With  this  method  the  uncertain- 
ty in  um  was  usually  ± 0.002-10'^  cm"^. 

III.  Results 


A.  Pressure  Dependence  of  F-Band  Parameters 

The  data  from  the  measurement  of  the  F-band  peak  wave  number  at 
intervals  of  about  1000  atmospheres  are  presented  in  Table  I and  in  terms 
of  wavelength  in  Table  II.  These  data  represent  the  average  of  two  or  more 
runs,  except  in  the  cases  of  NaBr  and  KI  for  which  only  one  run  was  made. 
The  experiments  were  conducted  at  room  temperature,  which  was  constant 
within  l^C  during  any  single  run  but  which  varied  during  separate  runs  from 
20°  to  28°C.  The  agreement  of  the  atmospheric  pressure  values  in  Table  II 
with  those  listed  by  Ivey®  is  reasonably  satisfactory  in  most  cases.  The 
agreement  is  even  better  with  the  recent  values  of  Gnaedinger®*  for  the 
compounds  which  he  studied.  The  largest  discrepancy  from  Ivey’s  tabula- 
tion is  in  the  case  of  CsCl,  but  a re-examination  of  the  source*  of  this 
value  suggests  that  our  value  in  Table  II  is  reliable.  The  values  based  on 
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a See  footnote  c,  Table  I. 
b See  footnote  d,  Table  1. 
c Extrapolated  value. 


a single  run  are  distorted  in  the  direction  anticipated  from  the  optical 
bleaching.  It  should  be  pointed  out  that  the  reported  location  of  the  peak 
may  be  affected  by  the  method  chosen  to  fix  its  location,  due  to  the  consid- 
erable width  of  the  room  temperature  bands. 

In  order  to  m.ake  a more  significant  physical  correlation,  the  results 
are  considered  as  a function  of  the  crystallographic  unit  cell  distance,  a. 


53 


This  is  calculated  from  the  compressibility  at  30°C  determined  by  Slater 
and  Bridgman,  as  tabulated  by  Birch. with  regard  for  recent  corrections 
in  the  value  of  the  compressibility  of  iron.  For  the  complete  data  on  the 
compressibility  of  RbCl,  the  original  article  by  Bridgman^^  must  be  con- 
sulted. The  effect  on  the  elastic  constants  due  to  the  presence  of  F-centers 
is  negligible  for  color-center  concentrations  encountered  in  usual  practice. 
A calculation  of  this  type  has  been  presented  by  MacKenzie,^^  in  which  the 
correction  term  is  proportional  to  the  relative  decrease  in  density  of  the 
material  due  to  the  presence  of  small  cavities  or  vacancies.  This  density 
change  has  been  measured  in  two  investigations. but  it  is  insignificant 
in  the  case  at  hand.  A simple  correlation  of  the  pressure  data  is  found  by 
plotting  logjQpf^  against  logjQU  for  each  individual  compound.  The  points 
lie  along  a straight  line  whose  slope  can  be  measured  with  an  uncertainty 
of  about  5 percent.  Figure  3 presents  typical  curves  from  individual  runs 
on  each  of  the  seven  compounds,  plotted  on  reduced  scales.  The  straight 
lines  become  more  clearly  defined  when  data  from  several  runs  are  con- 
sidered. but  these  are  omitted  from  the  figure  for  the  sake  of  clarity. 


.994  .995  .996  .997  .998  .999  1.000 

log,o  (IOo/oq) 


Fig.  3.  Experimental  curves  showing  dependence  of  peak 
wave  number  on  lattice  parameter.  The  reduced  ordinates 
are  referred  to  their  values  at  atmospheric  pressure. 

The  quantity  of  interest  in  this  method  of  considering  the  results  is 
the  parameter  n'p(P).  which  is  the  negative  of  the  slope  of  the  line,  i.e., 
nq-CP)  = - (91n  Pm/91n  a)ji.  From  the  figure  it  is  seen  that  most  of  the  lines 
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have  nearly  the  same  nT(P),  i.e.,  3.5.  with  the  exception  of  NaCl  which  is 
high  (4.4),  and  of  CsCl  which  is  low  (2.8).  The  specific  values  are  recorded 
in  column  2 of  Table  III.  The  slopes  did  not  vary  outside  the  limits  of  un- 
certainty on  different  samples  of  the  same  compound,  or  on  samples  of  dif- 
ferent purity  obtained  from  separate  sources  as  in  the  case  of  RbCl,  or  on 
samples  colored  by  different  methods,  additively  or  photochemically  (x-ray) 
as  in  the  cases  of  KCl  and  RbCl. 

The  widths  of  half  maximum  at  atmospheric  pressure  are  in  good  agree- 
ment with  previously  published  values,  subject  to  the  experimental  uncer- 
tainties mentioned  above.  For  five  of  the  seven  compounds  studied,  the 
width  of  the  band  does  not  change  with  pressure,  within  fluctuations  of  2 or 
3 percent.  For  NaBr  there  appeared  to  be  a decrease  in  band  width  amount- 
ing to  about  10  percent  in  4000  atmospheres.  The  experiment  on  NaBr  left 
much  to  be  desired  because  of  a tendency  of  the  sample  to  become  fogged, 
impairing  the  optical  measurements.  In  view  of  behavior  of  the  five  other 
compounds  of  the  same  structure  and  similar  properties,  the  validity  of 
this  result  for  NaBr  remains  in  considerable  doubt.  CsCl  also  shows  a de- 
pendence of  width  on  pressure,  but  in  the  opposite  direction.  The  amount 
of  the  increase  is  about  5 percent  and  appeared  in  each  of  two  runs  on  the 
same  sample,  despite  a 5 percent  difference  in  the  zero  pressure  value  of 
the  width  of  the  band  between  the  two  runs.  The  average  value  of  this  zero 
pressure  width  at  room  temperature  is  found  to  be  7 = 0.295  ± 0.009  10"^ 
cm"^.  A value  for  comparison  does  not  appear  to  be  available  in  the  litera- 
ture. The  validity  of  this  width  increase  with  pressure  for  CsCl  is  in 
doubt,  as  the  argument  employed  above  need  not  apply  to  a compound  of  dif- 
ferent structure.  Further  experiments  are  required  to  confirm  the  results. 

B.  Effects  of  Structure  Transformation 

Experiments  were  performed  on  colored  and  uncolored  crystals  of 
RbCl  at  pressures  in  excess  of  that  required  to  induce  the  structure  trans- 
formation mentioned  in  Section  I.  The  equilibrium  transition  pressure  is 
about  5000  atmospheres  and  the  associated  relative  decrease  in  volume  is 
about  15  percent. We  shall  consider  first  some  observations  on  uncolored 
crystals,  made  visually  rather  than  volumetrically  due  to  the  nature  of  the 
apparatus.  The  indication  of  the  transition  occurs  at  about  6500  atmos- 
pheres. at  which  point  the  ordinarily  transparent  crystal  abruptly  becomes 
almost  opaque  as  though  shattered  into  a large  number  of  tiny  crystals. 

The  light  transmission  in  this  state  is  less  by  a factor  of  50  to  100  than 
that  of  the  normal  crystal.  The  opacity  is  retained  at  high  pressure  but 
gradually  decreases  as  the  pressure  is  released.  At  atmospheric  pressure 
the  crystal  is  nearly  as  transparent  as  before  the  transformation  and  is 
often  indistinguishable  from  ordinary  crystals  in  normal  light.  Under 
crossed  Nicols  at  moderate  magnification  (20x),  such  crystals  show  a high- 
ly developed  strain  pattern  of  many  short  lines  covering  the  whole  sample. 
(In  some  cases  the  region  near  the  surfaces  was  free  of  strain.)  The  lines 
lie  predominantly  in  the  {l  10}  planes,  corresponding  to  the  slip  planes  and 
directions  of  alkali  halides. Thus  the  transformation  is  accompanied  by 
considerable  plastic  flow  on  a local  scale. 

The  higher  transition  pressure  observed  in  this  work  is  in  agreement 
with  previous  experience  with  salts  of  less  than  "atomic  weight”  purity. 

Thus  no  difference  not  noted  when  the  relatively  purer  RbCl  salt  was  intro- 
duced in  the  present  experiment. 

The  phenomenon  of  opaque  or  shattered  crystals  which  regain  their 
transparency  is  visually  similar  to  that  observed  by  Kraus  and  Nutting^® 
for  the  low  temperature  transition  in  ammonium  chrome  sulfate  and 
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selenate  alums. 

The  crystallographic  aspects  of  this  type  of  structure  transformation 
have  been  discussed  by  Buerger.^’  A contraction  along  a body  diagonal  of 
the  face-centered  cubic  cell  with  an  expansion  perpendicular  to  that  axis 
will  transform  the  structure  to  simple  cubic.  Since  there  is  no  observable 
macroscopic  distortion  of  the  RbCl  sample  in  the  high  pressure  modifica- 
tion, the  transformation  must  proceed  from  a large  number  of  nucleation 
centers,  at  each  of  which  there  is  a choice  of  four  possible  trigonal  axes 
along  which  to  propagate.  Thus  there  may  be  some  degree  of  mismatch 
between  adjoining  regions  characterized  by  different  transformation  axes. 
Associated  with  this  mismatch,  or  with  that  between  regions  which  have 
transformed  and  those  which  have  not,  there  .should  be  variations  in  the 
index  of  refraction  which  give  rise  to  light  scattering  and  to  the  observa- 
tion of  opacity. 

Laue  back-reflection  x-ray  pictures  of  uncolored  RbCl  samples  which 
had  been  through  the  transformation  generally  produced  patterns  of 
smeared  ring  segments,  if  the  strain  extended  throughout  the  crystal.  An- 
nealing at  300°C  for  one  day  brought  about  recrystallization.  These  re- 
sults differ  somewhat  from  findings  in  a recent  single -crystal  study^°  of 
the  CsCl  transformation  to  the  NaCl  structure  at  469°C. 

Observations  were  made  on  x-ray  colored  crystals  with  the  hope, 
initially,  of  detecting  an  F-band  in  the  high  pressure  form  of  RbCl.  A 
rough  estimate  of  the  expected  spectral  location  of  the  band  can  be  made 
by  assuming  the  approximate  validity  of  a Mollwo-like  relation  for  salts 
of  the  CsCl  structure.  The  position  of  the  F-band  at  room  temperature  in 
CsCl  is  given  in  Table  II,  while  the  value  of  CsBr  at  room  tem- 

perature is  6750A,  from  measurements  of  Pringsheim  If  the  peak  wave- 
length is  assumed  to  be  proportional  to  some  power  of  the  interionic  dis- 
tance, calculation  with  these  data  yields  the  result  that  the  power  is  about 
2.6.  Then,  using  Bridgman's  data  for  the  density  of  the  high  pressure  form 
of  RbCl,  it  is  estimated  that  the  F-band  should  be  near  5200A. 

The  features  described  above  for  uncolored  crystals  remain  valid  for 
x-ray  colored  crystals.  The  optical  density  of  the  transformed  crystals  is 
about  1.5  to  2.0,  which  is  a very  insensitive  region  for  the  spectrophotome- 
ter. To  reduce  the  light  intensity  passing  through  the  reference  hole,  fine 
mesh  screems  were  used.  This  reduced  the  apparent  optical  density  of 
the  crystals,  but  the  measurements  obtained  were  frequently  erratic.  Fre- 
quent development  of  window  cracks  around  7000  atmospheres  also  inter- 
fered with  the  work. 

High  pressure  absorption  measurements  taken  just  after  the  transfor- 
mation revealed  the  F-band  located  in  its  pre-transition  position  but  de- 
creased in  height  by  40  percent.  Returning  to  one  atmosphere,  the  band 
retained  about  50  percent  of  its  original  height.  Subsequent  experiments 
of  a "before  and  after"  type  demonstrated  that  85-95  percent  of  the  band 
could  be  destroyed  by  subjecting  the  colored  crystal  to  the  two-way  trans- 
formation. For  these  experiments,  the  crystals  were  taken  to  8000  atmos- 
pheres between  the  two  absorption  curve  measurements. 

The  explanation  of  this  effect  is  readily  found  in  the  experiments  of 
Smekal^^  and  of  Schroder,^*  interpreted  by  Seitz,**  which  show  that  x-ray 
darkened  crystals  are  bleached  by  cold  work.  As  noted  above,  consider- 
able plastic  deformation  accompanies  the  structure  transformation. 
SchrOder  reduced  the  F-band  height  by  20  percent  with  uniaxial  stresses 
of  40-400  g/mm2.  A separate  experiment  in  this  study  confirmed  his  re- 
sult by  reducing  the  band  height  by  at  least  25  percent  after  the  application 
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of  a load  of  500  g/mm^  on  an  x-rayed  KCl  sample  in  a bath  at  0°C.  This 
result  makes  allowance  for  the  natural  thermal  bleaching  during  the  period 
between  measurements. 

Experiments  were  also  undertaken  on  additively  colored  RbCl  crystals 
to  study  the  effect  of  the  structure  transformation.  For  conventional  work 
this  type  of  coloration  is  relatively  stable.  In  absorption  measurements 
above  the  transition  pressure,  no  new  band  was  observed,  but  there  was 
evidence  of  a considerably  reduced  pre-transition  F-band.  "Before  and 
after"  experiments  on  samples  colored  with  excess  K metal  produced  com- 
plete destruction  of  the  F-band  and  recrystallization  of  the  sample  upon  re- 
turning to  atmospheric  pressure  f\n  uncolored  but  quenched  sample  did 
not  recrystallize  during  such  an  experiment.  Its  behavior  was  identical  to 
that  of  an  annealed  uncolored  specimen. 

The  effect  of  plastic  flow  on  additively  colored  crystals  was  investi- 
gated in  an  auxiliary  experiment.  Such  work  does  not  appear  to  have  been 
undertaken  in  the  past.  KCl  crystals  containing  excess  K metal  were  sub- 
jected to  uniaxial  loads  of  from  200  to  500  g/mm^,  while  the  samples  were 
kept  at  0°C.  The  decrease  in  the  height  of  the  F-band  is  negligible  and 
there  is  no  detectable  growth  of  subsidiary  long-wavelength  bands.  Com- 
pared with  the  effects  in  x-ray  colored  crystals,  this  result  is  a bit  sur- 
prising. In  analyzing  this  we  take  note  of  the  suggestion  of  Tyler,^'  based 
on  the  experiments  of  Gyulai  and  Boros, that  electronic  processes  may 
contribute  to  the  enhanced  conductivity  due  to  plastic  flow.'*^  The  latter 
workers,  using  low  stresses  of  100  g/mm2,  observed  short  decay  times 
(lO'^  sec)  for  the  enhanced  conductivity  in  alkali  halide  crystals.  The 
magnitude  of  the  effect  was  doubled  when  photochemically  or  additively 
colored  crystals  were  studied,  but  the  decay  time  was  unaffected.  For  the 
present  experiments,  the  work  of  Gyulai  and  Boros  implies  that  the  plastic 
flow  causes  the  evaporation  of  electrons  from  the  F-centers.  The  conclu- 
sion to  be  drawn  from  the  null  effect  observed  is  that  the  necessary  re- 
arrangements of  vacancy  aggregates  to  form  M-  or  other  centers  cannot 
take  place  in  the  few  seconds  during  which  the  dislocations  are  moving 
rapidly.  Thus  the  electrons  are  mostly  retrapped  in  the  isolated  negative 
ion  vacancies  from  which  they  were  ejected. 

In  discussing  the  effect  of  plastic  flow  on  x-ray  colored  crystals, 

Seitz*^  offered  three  tentative  explanations.  Only  the  first  of  these  is  con- 
sistent with  the  observations  of  Gyulai  and  Boros  and  with  the  null  effect 
of  plastic  flow  on  additively  colored  crystals.  This  is  the  suggestion  that 
the  region  about  the  vacancies  associated  with  the  color  centers  becomes 
heated  when  a dislocation  passes  very  close,  and  that  the  electrons  and 
holes  evaporate  and  have  an  opportunity  to  recombine.  The  vacancies  in- 
volved probably  lie  close  to  dislocations,*®  and  should  be  in  an  ideal  posi- 
tion to  experience  the  thermal  effects  which  accompany  ihe  motion  of  dis- 
locations. Variations  of  the  other  two  suggested  explanations  would  allow 
a bleaching  effect  due  to  cold  work  in  additively  colored  crystals,  contrary 
to  our  observations. 


IV.  Theory 

The  theoretical  interpretation  of  the  shift  of  the  absorption  peak  with 
pressure  or  temperature  must  include  the  effect  of  the  variation  of  inter- 
atomic distance  and  also  the  effect  of  the  interaction  of  the  F-center  elec- 
tron with  the  lattice  vibrations.  These  effects  have  been  considered  sepa- 
rately by  various  investigators,  as  mentioned  in  Section  I,  in  attempts  to 
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account  for  the  temperature  shift.  There  does  not  appear  to  have  been  any 
attempt  to  combine  both  parts  into  a consistent  picture.  The  reason  for 
this  probably  lies  in  the  difficulty  in  making  a theoretical  estimate  of  the 
relative  magnitudes  of  the  separate  contributions  of  each  effect  and  in  the 
lack,  up  to  this  time,  of  sufficient  experimental  data  from  which  to  evalu- 
ate these  relative  contributions.  The  results  of  the  present  experiment 
provide  the  additional  data  with  which  to  overcome  this  obstacle  and  to 
make  empirical  estimates  of  the  magnitudes  of  the  individual  effects. 

We  characterize  the  results  of  the  pressure  experiment  in  terms  of 
the  parameter  n'p(P)  listed  in  column  2 of  Table  III.  Along  with  it  we  re- 
quire for  comparison  the  corresponding  parameter  for  the  temperature 
shift,  np(T)  = -(  9 In  9 In  a)p.  It  is  listed  in  column  3 of  the  same 
table  and  is  evaluated  for  a range  around  room  temperature  except  as 
otherwise  noted.  The  data  for  the  dependence  of  iT'^nax  temperature  is 
mainly  due  to  Mallwo,^  supplemented  in  various  cases  by  data  from 
Gnaedinger,^^  Molnar,^°  and  Pringsheim.**  Room  temperature  thermal 
expansion  data  is  employed  in  most  cases,  because  considerable  discrep- 
ancies often  appear  in  the  values  from  different  workers  as  they  depart 
from  room  temperature.  The  values  used  are  listed  in  column  4.  It  is 
seen  that  for  most  compounds  the  "pressure  slope,’’  n^(P),  is  smaller 
than  the  "temperature  slope,"  np(T). 


Table  III 

Experimental  and  Theoretit;al  Parameters  Describing  the  Dependence 
of  the  F-band  Maximum  on  Pressure  and  Temperature 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Compound^ 

n^CP) 

np(T) 

"P 

10”®  deg" 

b/0 

1 (cm  deg)  ^ 

„ d 
"M 

NaCl 

NaClf 

4.4  ± 0.1 

4.0±0.2 
4.4  ± 0.2 

40±  1 
44  ± 1 

~0 

--0 

1.5 

2.9 

1.94 

2.3 

NaBr 

3.6  ± 0.2 

3.8±0.2 

41  ± 1 

0.2  ± 0.2 

(1.5) 

2.4 

1.83 

2.0 

KCl 

3.5  ±0.1 

5.0±0.2 

35  ± 1 

0.9±0.1 

1.6 

2.1 

1 .74 

2.0 

KBr 

3.5  ±0.1 

4.5  ±0.2 

41  ± 1 

0.7  ±0.1 

(1.6) 

2.1 

1.66 

2.1 

KI 

3.7±0.1 

4.4  ± 0.2 

41  ± 1 

0.4±0.1 

(1.6) 

2.3 

1.55 

2.4 

RbCl 

3.4±0.1 

5.2  ±0.2 

35  ± 1 

1.0±  0.1 

(1.6) 

2.1 

1 .66 

2.0 

CsCl 

2 . 8 ± 0 . 2 

4.9  ± 0.2S 

46  ± 1 

1.6±  0.2 

1.76 

1.5 

2.65h 

1.0 

a At  room  temperature,  unless  otherwise  noted. 

b Calculated  from  square  well  model;  values  in  parentheses  estimated, 
c Using  values  from  column  6. 
d Derived  from  plot  of  logjQE  vs  a“l. 
e Using  values  from  column  8. 
f At  200'’C. 

g Calculated  for  CsBr;  Xj^(-190°C)  = 6450A,  reference  41. 
h Obtained  by  plotting  data  from  CsCl  and  CsBr. 
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We  use  a high  temperature  representation  for  the  F-center  energy  at 
the  peak  of  the  absorption  curve,  E,  in  the  form 

E = Eq  [R(a)]  - b T/e(a).  (1) 

A suitable  modification  may  be  made  for  the  low  temperature  region.  Eq 
is  the  energy  at  absolute  zero  and  is  a function  of  the  distance  parameter, 

R,  which  in  turn  depends  on  the  interionic  distance,  a,  in  the  bulk  crystal. 

The  distance  R is  the  significant  parameter  in  determining  the  energy  Eq, 
and  its  interpretation  depends  on  the  model  employed  to  calculate  the  1?^- 
center  energy  levels.  It  may  be  the  radius  of  the  potential  well  of  the 
vacancy  in  a continuum  model,  or  it  may  be  the  actual  intcrionic  distance 
of  the  ions  immediately  surrounding  the  vacancy  after  relaxation  has  taken 
place  in  a molecular  orbital  model.  The  form  of  the  second  term  in  Eq.(l) 
has  its  basis  in  the  work  of  Huang  and  Rhys**  and  of  Muto.*^  Huang  and 
Rhys  assume  that  the  predominant  coupling  between  electron  and  lattice  is 
produced  by  the  long-range  Coulomb  interaction  between  the  F-center  elec- 
tron and  the  electric  polarization  associated  with  the  single-frequency 
longitudinal  optical  vibrations  of  the  lattice.  They  use  this  coupling  to  ac- 
count for  the  temperature  broadening  of  the  band.  They  find,  however,  as 
has  been  confirmed  in  the  more  general  treatments  of  Lax'^  and  of 
O'Rourke,*®  that  this  idea  does  not  give  rise  to  any  shift  of  the  absorption 
peak  with  temperature.  To  rectify  this,  they  use  an  idea  (previously  put 
forth  by  Muto)  that  when  an  F-center  changes  its  state  the  lattice  frequency 
is  altered  by  a small  amount.  This  small  frequency  change,  proportional 
to  b in  Eq.  (1),  does  not  appear  in  the  harmonic  forces  approximation  usu- 
ally used  to  describe  the  lattice.  Thus  the  parameter  0(a),  in  our  expres- 
sion for  the  energy,  is  the  characteristic  temperature  related  to  the  longi- 
tudinal optical  vibration  frequency  of  the  lattice.  This  temperature  is  suf- 
ficiently close  to  the  usual  Debye  temperature  that  we  need  not  distinguish 
them. 

For  the  shift  of  the  absorption  band  peak  with  pressure  we  must  form 
the  derivative  0 In  E/9  In  a)-j.  from  Eq.(l).  Thus  we  have 

9 In  E\  _ ,p.  _ 9 In  E\  d In  0 ^ 9 In  E \ 9 In  R\ 

9 In  a/p  9 In  0 Ap  p d In  a 9 In  R/rp  ^ 9 In  a /.p’ 

From  the  Griineisen  relation  we  obtain 

d In  0/d  In  a = - 3 y , (3) 

(jf 

where  yq  is  the  Griineisen  constant.  The  term  ( 9 In  R /9  In  a)p-,  the  ratio  of 
the  relative  change  in  R to  the  relative  change  in  a at  constant  temperature, 
is  equal  to  the  ratio  of  the  effective  isothermal  compressibility  around  the 
F-center  to  the  isothermal  compressibility  of  the  bulk  material.  There  are 
several  ways  of  estimating  this,  but  we  shall  consider  it  as  unknown  and 
designate  it  by  the  symbol  /rp.  The  derivative  ( 9 In  E / 9 In  R)t,0  “ Eq/ 
d In  R)  may  also  be  estimated  in  a number  of  ways.  A particular  model  may 
be  assumed  for  the  F-center,  from  which  the  energy  levels  may  be  calcu- 
lated in  terms  of  their  dependence  on  R,  and  thus  the  value  of  the  derivative 
maybe  calculated.  We  designate  the  negative  of  this  derivative  by  the  sym- 
bol nQ.  As  an  alternative  the  slope  of  a plot  of  the  experimental  values  of 
logioE  vs  logjQa  may  be  employed,  if  it  is  assumed  that  the  factor  which 
relates  the  equilibrium  values  of  R and  a does  not  vary  rapidly  from  one 


59 


compound  to  another.  Such  a plot  should  be  made  using  the  values  of  E 
and  a at  absolute  zero  or  as  an  intermediate  compromise,  using  values 
which  correspond  to  the  characteristic  temperature,  0.  The  negative  of 
the  slope  of  this  plot  we  call  nj^,  to  distinguish  it  as  a different  way  of 
estimating  nQ. 

This  matter  will  be  discussed  further  in  the  following  section.  For 
the  present,  we  shall  use  values  calculated  from  an  exceedingly  simple 
continuum  model,  namely  that  which  represents  the  F-center  as  an  elec- 
tron trapped  in  a spherically  symmetric  square  potential  well.  The  radius 
of  the  well  R is  chosen  equal  to  the  interionic  distance  a.  The  depth  of 
the  well  is  chosen  so  that  the  energy  difference  between  the  ground  s-state 
and  the  excited  p-state  is  equal  to  the  ob.served  F-center  energy.  To  evalu- 
ate the  variation  of  Eq  with  R,  it  is  assumed  that  the  well  depth  is  inverse- 
ly proportional  to  its  radius  R.  The  results  of  such  a calculation  are  that 
the  values  of  Oq  are  1.5,  1.6,  and  1.76  for  NaCl,  KCl,  and  CsCl  respective- 
ly. Thus  we  omain  for  the  pressure  shift 

n-p(P)  = 3 7q  b T / E 0 + Uq  /-p  . (4) 

The  shift  of  the  absorption  band  peak  with  temperature  is  derived  in 
an  analogous  fashion,  by  forming  ( 9 In  E / 9 In  a)p.  From  Eq.  ( 1 ) we  obtain 

91nE\  _ _ 9lnE\  9T  \ 91nE\  d In  0 

9 In  a /p  9 T ' ^ ^ 9 In  a /p  9 In  0/p  p d In  a 

9 In  E\  9 In  R \ 

9 1nRy'p  ^ 9 1na  /p  ‘ 

The  term  (9T/9  1na)p  which  appears  here  is  the  reciprocal  of  the  isobaric 
linear  thermal  expansion  coefficient,  cep.  Similar  to  its  counterpart  in  the 
pressure  shift,  the  term  (9  1nR/9  1na)p  is  equal  to  the  ratio  of  the  effective 
thermal  expansion  coefficient  around  the  F-center  to  the  bulk  value  of  the 
thermal  expansion  coefficient.  We  designate  this  factor  by  the  symbol  /p  . 
The  expression  for  the  temperature  shift  is  then  given  by 

np(T)  = b/E  0 Q-p  + 3yQb  T/E  0 + nQ  /p  . (6) 

We  may  consider  that  the  thermal  expansion  of  a solid  arises  from  the 
effect  of  an  outward  thermal  pressure  set  up  by  the  anharmonicity  of  the 
vibrations  of  the  atoms  of  the  solid.  This  thermal  pressure  acts  against 
the  same  forces  as  does  the  external  pressure  considered  with  respect  to 
the  compressibility  of  a solid.  Since  the  thermal  expansion  is  particularly 
dependent  on  the  non-linearities  in  these  forces,  we  may  expect  that  the 
effective  thermal  expansion  factor,  /p,  is  at  least  as  large  as  the  effective 
compressibility  factor,  /p  , in  the  neighborhood  of  the  F-center.  We  lack, 
however,  a method  of  evaluating  this  difference  in  detail.  Consequently,  we 
may  not  make  too  great  an  error  if  we  assume  that  the  two  factors  are  ap- 
proximately the  same.  If  we  then  drop  the  subscripts  from  these  two  fac- 
tors in  Eqs.  (4)  and  (6),  we  may  combine  these  two  expressions  to  obtain 
the  result 

b/E  0 ap  = np(T)  - np(P)  . (7) 

In  this  way  the  quantity  b/0  may  be  calculated  from  the  experimental  data 
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on  the  pressure  and  temperature  shifts  of  the  F-band  absorption  maximum. 
These  values  are  listed  in  column  5 of  Table  III.  Making  a substitution 
back  into  Eq.  (4),  the  value  of  the  factor  / may  be  obtained.  The  magnitude 
of  this  factor  will  depend  directly  on  the  value  used  for  the  term  oq.  Using 
the  calculations  from  the  square  well  continuum  model,  the  values  of  / 
listed  in  column  7 of  Table  III  are  obtained.  If  values  pf  nQ  obtained  from 
a different  method  are  used,  a new  set  of  values  for  / will  result. 

In  the  preceding  analysis  we  have  presented  a simple  approach  in 
which  the  temperature  and  pressure  dependence  of  the  F-band  absorption 
peak  are  treated  in  a unified  manner.  The  conclusion  is  reached  that  the 
-shift  of  band  with  pressure  is  due  mainly  to  the  dependence  of  the  energy 
on  interatomic  distance,  with  a small  contribution,  amounting  to  5 percent 
at  most,  arising  from  the  interaction  with  optical  lattice  vibrations.  The 
temperature  shift  is  governed  by  the  same  factors  as  the  pressure  shift, 
plus  an  additional  term,  as  large  as  40  percent,  arising  from  a further 
contribution  from  this  same  electron-lattice  interaction. 

We  turn  now  to  a consideration  of  the  width  of  the  F-band.  This  prob- 
lem is  rather  unsettled.  As  pointed  out  in  Section  I,  two  explanations  have 
been  offered  by  separate  groups  of  investigators.  We  have  mentioned  the 
long  range  electron-optical  lattice  vibration  interaction  used  by  Huang  and 
Rhys.  This  coupling  gives  rise  to  a broadening  of  the  absorption  band.  Lax 
and  O'Rourke  have  shown  that  a simple  formula  describes  this  width,  in  the 
approximation  in  which  all  lattice  modes  have  the  same  frequency  (that  of 
the  longitudinal  optical  vibrations).  If  we  call  the  width  at  half-maxi- 
mum due  to  this  mechanism,  we  have  from  O’Rourke*® 

I i 

7j  = 2(2  ln2  )5hu[S  coth  (hu/2  kT)  ]*  , (8) 

where  u is  the  frequency  just  mentioned,  S is  the  net  number  of  vibrational 
quanta  involved  at  the  absorption  maximum,  and  the  numerical  factor  in 
front  converts  the  root-mean-square  value  of  the  distribution  to  the  width 
at  half-maximom,  on  the  assumption  that  the  distribution  is  approximately 
Gaussian.  The  width  yj  is  independent  of  the  parameter  b introduced  in 
Eq.  (1). 

The  second  contribution  to  the  broadening  arises  when  we  consider 
that  the  local  deformation  of  the  lattice  causes  variations  in  the  gap  be- 
tween the  electronic  energy  levels.  In  an  adiabatic  approximation,  we  may 
say  that  absorption  takes  place  when  the  wavelength  of  light  coincides  with 
the  energy  gap  determined  as  a function  of  the  displacement  of  the  surround- 
ing ions.  Several  versions  of  this  approach  have  appeared.’**’*^  Their  prin- 
cipal achievement  has  been  the  demonstration  that  the  finite  width  of  the 
F-band  at  low  temperatures  may  be  accounted  for  by  the  zero-point  vibra- 
tions of  the  neighboring  ions.  The  idea  which  is  common  to  all  is  that  the 
mean  square  fluctuation  in  the  F-center  energy  is  determined  by  the  mean 
square  fluctuation  in  a suitable  radius  for  the  vacancy. 

A factor  which  has  been  overlooked  in  these  versions  is  the  role  of 
shear  waves  in  causing  a broadening.  When  the  region  of  the  vacancy  is 
distorted  from  its  spherical  shape,  it  is  reasonable  to  expect  a change  in 
the  F-center  energy,  at  least  through  an  interaction  with  the  angular  mo- 
mentum of  the  excited  p-state.  The  continuous  variation  of  the  non-spheri- 
cal  distortion  would  then  contribute  to  the  band  width.  Since  we  lack  a de- 
tailed calculation  of  this  effect,  we  may  account  in  a rough  way  for  the  two 
shear  modes  by  multiplying^the  contribution  to  the  width  from  the  radial 
distortions  by  the  factor  (3)2. 
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Both  explanations  of  the  band  width  seem  to  be  valid.  Consequently, 
we  would  like  to  combine  their  separate  contributions  to  obtain  the  total 
band  width.  Since  they  appear  to  be  independent,  and  assuming,  for  sim- 
plicity, that  each  gives  rise  to  a Gaussian  shape,  we  must  add  them  as  the 
square  root  of  the  sum  of  the  squares  of  the  individual  widths. 

To  be  specific,  we  consider  a very  simple  calculation  for  the  local  de- 
formation width.  The  coupling  in  this  case  is  to  the  acoustical  modes  of 
the  lattice.  From  the  Einstein  formula  for  fluctuations,  we  may  write  for 
the  mean  square  fluctuation  in  the  volume  around  the  F-center 

<(V-Vo)2>  = Vo  Xeff  kT  , (9) 

where  Vq  is  the  equilibrium  value  of  this  volume,  Xeff  is  the  effective  com- 
pressibility around  the  F-center,  and  kT  is  the  Boltzmann  constant  times 
the  absolute  temperature.  This  expression  assumes  that  the  temperature 
is  sufficiently  high  that  equipartition  of  energy  has  occurred.  This  formula 
gives  values  differing  by  only  a few  percent  from  a more  rigorous  formula 
containing  a Etebye  function  and  the  zero  point  energy  explicitly.  The  cor- 
responding fluctuation  in  the  F-center  energy  is  obtained  from  a Taylor  ex- 
pansion about  its  mean  value.  We  next  consider  that  the  volume  is  a sphere 
of  radius  R,  that  the  effective  compressibility  Xeff  greater  than  the  bulk 
compressibility  Xq  by  tl^e  factor  /,  that  the  shear  modes  are  accounted  for 
by  the  simple  factor  (3)5,  and  that  the  conversion  factor  from  root-mean- 
square  to  width  at  half-maximum  is  that  for  a Gaussian  shape.  Thus  we 
obtain  for  72*  deformation  width, 

7^  = n^E  ( (2  ln2  )/ XokT/;rR3]2  . (10) 

For  KCl  at  room  jtemperature,  using  nQ  = 1.6,  a calculation  from  Eq.  (10) 
gives  72  = .20  (/)^  ev. 

We  are  now  able  to  combine  7}^ and  72-  For  KCl  under  the  same  con- 
ditions, Eq.  (8)  gives  7^  = 0.088  (S)5  e.v.,  where  S is  still  undetermined. 
One  possible  procedure  is  to  fit  these  results  to  the  observed  total  band 
width,  7,  after  choosing  a suitable  value  of  /,  say  2.  This  produces  an 
estimate  of  S such  that  S = 5.4.  If  we  had  ascribed  the  full  width  to  the 
interaction  with  optical  lattice  vibrations,  with  Huang  and  Rhys,  the  value 
of  S required  would  be  16  for  KCl.  On  the  other  hand,  Huang  and  Rhys 
estimate  from  Simpson’s  wave  functions  for  NaCl  that  S should  be  about 
4.  Thus  our  simple  model  for  the  deformation  width,  using  a value  for  / 
consistent  with  the  pressure  shift  data,  enables  us  to  make  a reasonable 
estimate  of  the  parameter  S in  the  Huang-Rhys  contribution  to  the  width. 

The  preceding  discussion  of  the  theories  of  the  width  of  the  F-band 
serves  principally  to  illustrate  that  there  is  considerable  room  for  a care- 
ful theoretical  analysis  of  the  problem. 

Of  particular  interest  in  the  present  research  is  the  fact  that  the  ob- 
served F-band  width  did  not  change  with  pressure  for  most  of  the  com- 
pounds studied.  Using  the  various  expressions  for  the  width,  either  sepa- 
rately or  in  suitable  combination,  it  may  be  predicted  that  the  width  should 
increase  about  1 or  2 percent  in  5000  atmospheres.  In  view  of  the  uncer- 
tainties described  in  measuring  the  width,  such  an  increase  could  not  be 
detected. 


V.  Discussion 

Several  points  in  the  preceding  section  require  further  consideration. 
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The  first  to  which  we  turn  our  attention  is  the  term  /-j-  = (9  In  R/ 8 In  a)rp,  ap- 
pearing in  Eq.  (2).  It  is  easy  to  understand  why  this  term  may  be  greater 
than  unity.  R represents  a measure  of  the  radius  of  a spherical  cavity 
from  which  matter  has  been  removed,  i.e.,  a halogen  ion,  while  a is  the 
normal  interionic  distance  in  the  crystal  at  a great  distance  from  the  cavity. 
The  ion  which  previously  occupied  this  region  exerted  a repulsive  force  on 
the  surrounding  material.  The  electron  which  replaces  the  negative  ion 
does  not  exert  this  repulsion  in  a first  approximation.  Thus  when  the  crys- 
tal is  subjected  to  an  external  pressure,  it  is  natural  to  expect  that  the 
cavity  will  contract  more  when  it  is  empty  than  when  it  is  occupied  by  mat- 
ter. This  line  of  reasoning  suggests  that  it  may  be  fruitful  to  consider  the 
crystal  as  a continuous  elastic  medium.  Fi’om  this  point  of  view  the  preb 
lem  at  hand  reduces  to  the  simple  calculation  of  the  radial  strain  in  a shell 
bounded  by  concentric  spherical  surfaces.  The  solution  of  this  problem 
provides  an  independent  estimate  of  fj'^f  ■ The  details  may  be  obtained 
from  any  standard  text-book  on  elasticity,  e.g..  Love.'*’  The  radius  of  the 
internal  sphere  is  R and  the  internal  pressure  is  taken  to  be  zero.  We  let 
the  radius  of  the  external  sphere  become  infinite  and  equate  the  pressure 
on  its  surface  to  the  pressure  applied  externally  to  the  crystal.  Thus  we 
obtain 


(AR/R)  / ( Aa  / a)  = (9  In  R/9  lna),j,  = 1 + (3K/4p)  , (11) 

where  the  crystal  is  treated  as  an  isotropic  body  describable  by  two  elastic 
constants;  K,  the  bulk  modulus  and  p,  the  shear  modulus.  The  ratio  (K/p) 
may  be  calculated  from  the  experimental  data,’^  using  an  average  of  the 
two  shear  moduli  C44  and  5(Cjj  - C^2)  foi"  An  alternate  way  to  obtain 
this  ratio  is  to  assume  that  Poisson’s  ratio  is  5 for  these  crystals,  from 
which  we  can  readily  find  (K/p)  = (5/3).  In  this  approximation  the  result 
is  / = 2.25,  while  the  values  obtained  from  the  experimental  data  range 
from  about  2.13  to  2.25.  The  results  of  this  independent  estimate  of  / are 
in  approximate  agreement  with  those  obtained  from  the  pressure-tempera- 
ture shift  theory  in  the  preceding  section. 

From  another  point  of  view  we  may  expect  that  / should  be  smaller  for 
CsCl  since  it  has  a more  closely  packed  structure  than  the  other  compounds. 
The  ions  may  be  treated  as  hard  spheres  and  the  distance  that  the  nearest 
neighbors  can  move  toward  the  center  of  the  vacancy  without  coming  into 
contact  may  be  calculated  for  the  two  structures  involved.  Thus  for  Cs 
and  Cl  ions  it  is  found  that  they  may  move  nearly  twice  as  far  when  arrayed 
in  the  NaCl  structure  as  when  in  the  CsCl  structure.  This  is  a very  crude 
approach,  but  it  does  serve  to  indicate  why  the  / values  for  CsCl  may  be 
lower,  as  found  in  Table  III. 

We  now  consider  in  further  detail  the  various  ways  of  estimating  the 
quantity  nQ  which  appears  throughout  the  theory  of  the  pressure  and  tem- 
perature shift.  It  was  emphasized  earlier  that  the  values  calculated  for/ 
from  the  theory  depend  on  the  values  used  for  this  quantity.  If  some  model 
for  the  F-center  is  assumed  for  which  the  energy  levels  can  be  calculated, 
then  nQ  may  be  computed  readily.  The  various  continuum  models  that  have 
been  used  lend  themselves  to  an  easy  calculation  of  this  term.  Before 
adopting  the  square  well  model  described  in  the  preceding  section,  calcula- 
tions were  made  with  Simpson’s®  model  using  the  revised  potential  well 
depth  suggested  by  Krumhansl  and  Schwartz,**  and  with  Pincherle’s*®  model 
which  simplifies  the  calculations  of  the  Simpson  model.  In  the  Pincherle 
calculation  the  potential  well  has  a flat  bottom  out  to  a radius  R and  has  a 
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simple  or  slightly  modified  coulomb  dependence  at  large  distance.  In  our 
calculation  with  this  model  the  well  depth  was  chosen  so  as  to  reproduce 
the  experimentally  observed  energy  difference  between  the  two  states,  as 
was  done  in  the  square  well  model.  In  obtaining  nQ,  the  well  depth  was 
assumed  to  vary  inversely  with  the  radius  R,  again  as  in  the  square  well 
model.  This  assumption  is  certainly  a reasonable  one,  for  the  principal 
contribution  to  the  depth  is  the  Madelung  energy  which  is  controlled  mainly 
by  the  distance  to  the  nearest  neighbors,  and  the  secondary  contribution  is 
the  energy  of  polarization  of  the  surroundings,  which  is  inversely  propor- 
tional to  the  well  radius.  The  result  of  this  calculation  for  NaCl  is  nQ  = 

+ 1.53  when  the  static  and  high  frequency  dielectric  constants  are  held  fixed, 
and  + 1.50  when  they  are  allowed  to  vary  with  pressure.  An  earlier  calcu- 
lation with  Simpson's  model  with  more  restricted  conditions  gave  a result 
of  about  + 1.3.  The  similarity  of  these  results  led  to  the  adoption  of  the 
square  well  model  which  is  the  easiest  to  handle  numerically.  Recent  evi- 
dence, noted  in  Section  I,  has  pointed  to  the  importance  of  the  molecular 
orbital  model  of  the  F-center.  This  model  has  found  its  greatest  success 
in  explaining  hyperfine  interactions  in  electron  spin  resonance  experi- 
ments. For  the  present  experiment,  involving  a relatively  large  scale  ef- 
fect, it  is  felt  that  the  continuum  model  represents  a suitable  approxima- 
tion with  which  to  treat  the  problem.  Also,  the  only  quantitative  calcula- 
tion’ of  F-center  energy  levels  with  this  model  is  not  presented  in  a way 
which  may  be  readily  adapted  to  the  type  of  calculation  just  described. 

The  alternative  to  calculating  nQ  from  a specific  model  is  to  obtain  it 
from  some  sort  of  plot  of  the  experimental  data,  as  mentioned  in  Section 
IV.  We  then  replace  nQ  by  nj^  in  Eqs.  (4)  and  (6).  Assuming  that  a straight 
line  may  be  drawn  through  the  points  on  a log^gE  vs  log^g^  plot,  we  might 
be  tempted  to  adopt  Ivey's  value  for  its  slope,  namely  nj^  = 1.84.  If  the 
data  is  plotted  corresponding  to  the  Debye  temperature  for  each  compound, 
we  find  that  a better  straight  line  may  be  drawn  for  which  nj^  = 1.6.  Actual- 
ly,- the  notion  of  a straight  line  on  such  a plot  is  more  fiction  than  fact. 
Plotting  the  data  for  the  chloride,  bromide,  and  iodide  of  sodium,  potassium, 
and  rubidium,  with  logj^gE  and  log^ga  as  ordinates,  we  find  that  curves  (not 
straight  lines!)  having  approximately  the  same  shapes  may  be  drawn 
through  the  points  with  a common  cation.  Without  knowing  the  exact  shape 
of  these  curves,  defined  by  only  three  points,  some  sort  of  compromise 
must  be  adopted  to  estimate  the  '.alues  of  nj^j,  which  change  from  compound 
to  compound.  It  would  be  desirable  to  find  a suitable  choice  of  ordinates  on 
which  a straight  line  could  be  drawn  with  some  reliability.  In  attempting  to 
do  this,  it  was  found  that  a plot  of  log^gE  vs  a"l  produces  a line  which  is  at 
least  as  good  as  the  logjgE  vs  logjga  "straight  line."  Evaluating  the  n.^ 
parameters  from  this  plot  gives  a variation  from  compound  to  compound  in 
the  same  direction  as  found  with  the  curves  above.  Considering  all  these 
alternatives,  it  is  important  to  note  that  they  do  not  differ  significantly 
from  one  another  in  the  results  that  they  give.  Also,  these  results  are  not 
particularly  different  from  those  found  with  the  various  models.  To  show 
approximately  how  these  alternatives  vary,  we  have  tabulated  values  of  nj^ 
and  / in  columns  8 and  9 of  Table  III  as  obtained  from  the  plot  of  logjgE  vs 
a"  ^ . 

An  additional  observation  may  be  made  in  connection  with  the  graphi- 
cal way  of  estimating  U|^«nQ.  We  may  plot  the  results  of  the  molecular 
orbital  calculation  of  Inui  and  Uemura  on  a log^gE  vs  logjga  graph.  Using 
their  model  IV  with  a potential  due  to  26  neighboring  ions,  the  data  for  LiCl, 
LiBr,  and  Lil  fall  on  a rather  good  straight  line  with  nj^  = 1.43.  This  bit  of 
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evidence,  in  general  agreement  with  what  has  gone  before,  may  be  taken 
as  support  for  our  contention  that  no  startling  deviation  is  to  be  expected 
from  the  molecular  orbital  model,  and  that  the  continuum  model  is  a use- 
ful approximation  for  this  experiment. 

By  introducing  the  factor  /,  and  making  use  of  the  lattice  interaction 
constant  b,  we  are  able  to  develop  a reasonably  consistent  account  of  the 
behavior  of  F-center  absorption  as  a function  of  pressure  and  temperature. 
The  factor  /,  as  derived  in  the  theory,  is  in  satisfactory  agreement  with 
an  estimate  of  its  value  from  elasticity  theory.  Also,  it  is  used  in  a sim- 
ple theory  of  the  band  width,  which  combines  the  two  proposed  mechanisms 
of  broadening,  in  such  a way  as  to  give  a reasonable  value  for  the  number 
of  vibrational  quanta  involved  in  broadening  by  interaction  with  optical  lat- 
tice vibrations.  The  coupling  constant  b/0  does  not  vary  too  greatly,  if  we 
exclude  the  sodium  salts  and  CsCl.  As  used  by  Huang  and  Rhys  a.nd  others, 
it  would  appear  that  negative  values  for  b/0  are  inadmissable.  For  this 
reason  we  say  b/9~0  for  NaCl,  when  small  negative  values  would  appear 
from  the  calculation.  Perhaps  some  experimental  uncertainty,  unknown 
to  us,  may  account  for  the  discrepancy.  Another  possibility  is  that  the 
theory  has  not  included  some  term  which,  although  it  may  be  small,  may 
be  sufficient  to  account  for  the  different  behavior  of  NaCl  and  NaBr  in 
contrast  to  the  other  compounds.  The  term  in  b appears  to  be  the  only 
satisfactory  suggestion,  thus  far  offered,  which  is  capable  of  treating  the 
difference  in  the  pressure  and  temperature  shifts.  A better  understanding 
of  its  behavior  must  await  a better  theoretical  elucidation  of  the  mechanism 
involved  in  the  electron-optical  lattice  vibration  coupling  which  brings 
about  the  small  change  in  lattice  frequencies. 
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THE  SUPF.RCONDUCTIVITY  OF  SOME  TRANSITION 
METAL  COMPOUNDS* 

George  F.  Hardy**  and  John  K.  Hulna 
(Subnrmied  to  The  Physical  Hevicw) 

Abstract 

About  eighty  transition  metal  compounds  comprising  borides,  carbides, 
nitrides,  oxides,  silicides,  and  germanides  of  Groups  4A,  5A,  and  6 A met- 
als were  tested  for  superconductivity  down  to  1.20°K,  using  a magnetic 
method.  Among  the  specimens  were  most  of  the  known  compounds  of  the 
above  type  not  examined  magnetically  for  superconducting  behavior  by  pre- 
vious workers,  and  in  all  cases  their  structures  were  checked  by  x-ray  dif- 
fraction analysis.  The  eleven  new  superconductors  W2B  (3.10°),  Nb2C 
(9.18°),  Ta2C  (3.26°),  Nb4N3  (7.2°),  V3S1  (17.1°),  V3Ge  (6.01°),  Mo3Si 
(1.30°),  Mo3Ge  (1.43°),  oT  -ThSi2  (3.16°), /3  -ThSi2  (2.41°),  and  \V3Si2  (2.84°) 
were  discovered,  with  the  transition  temperatures  (°K)  shown  in  parenthesis. 
These  compounds  include  the  first  superconducting  germanides,  V3Ge  and 
Mo3Ge,  which,  together  with  V3Si  and  Mo3Si,  crystallize  in  the  cubic  - 
tungsten  structure.  The  transition  temperature  of  V3Si  is  apparently  the 
highest  known  for  any  binary  superconducting  compound. 

I.  Introduction 

It  is  well  known  that  there  exists  a group  of  compounds  of  transition 
metals  with  non-metals,  typified  by  the  borides,  carbides,  and  nitrides  of 
"A  group"  transition  metals,  which  possess  most  of  the  properties  of  met- 
als or  alloys.  These  compounds  show  metallic  luster  and  have  thermal  and 
electrical  resistivities  of  the  same  order  of  magnitude  as  those  for  pure  met- 
als, together  with  a positive  temperature  coefficient  of  electrical  resistivity. 
In  many  cases  they  are  known  to  have  high  hardness  values,  high  moduli  of 
elasticity,  high  melting  points,  and  relatively  high  strengths  at  elevated  tem- 
peratures, properties  which  cause  them  to  be  of  considerable  technological 
importance.^  At  the  time  of  the  first  extensive  crystal  structure  determina- 
tions for  these  substances,  carried  out  by  Hagg,^  it  seemed  appropriate  to 
call  them  "interstitial"  compounds,  implying  that  the  non-metal  atoms  mere- 
ly fit  into  interstices  in  the  metallic  lattice,  thereby  slightly  modifying  the 
properties  of  the  pure  metal.  More  recent  investigations  have  shown  that 
for  borides  the  interstitial  picture  is  inadequate  owing  to  the  tendency  of  the 
boron  to  form  chains,  nets,  and  three-dimensional  networks,^  while  even  for 
carbides  and  nitrides  it  is  the  exception  rather  than  the  rule  for  the  lattice 
of  metal  atoms  in  the  compound  to  be  identical  with  the  lattice  of  the  pure 
metal. 

* Based  on  a dissertation  submitted  by  G.  F.  Hardy  in  partial  fulfillment 
of  the  requirements  for  the  degree  of  Doctor  of  Philosophy  at  the  Uni- 
versity of  Chicago. 

**  Now  at  the  Research  and  Development  Laboratories,  The  Barrett  Divi- 
sion, Allied  Chemical  and  Dye  Corporation,  Glenolden,  Pa. 
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Among  the  typically  metallic  properties  of  transition  rnetal  compounds 
one  may  include  the  fact  that  many  become  superconducting  at  temperatures 
of  a few  degrees  absolute.  This  behavior  was  first  discovered  during  the 
extensive  investigations  of  Meissner  and  his  co-workers  over  twenty  years 
ago.^'^  Unfortunately,  Meissner's  results  were  obtained  using  electrical 
resistance  measurements,  which  have  since  been  shown  to  yield  unreliable 
results  with  impure  specimens.  The  problem  has  recently  been  taken  up 
by  several  other  investigators®'^®  using  more  decisive  magnetic  methods; 
these  experiments  have  revealed  a number  of  new  superconducting  com- 
pounds, and  have  nnrrected  several  errors  in  the  earlier  work. 

In  spite  of  the  increased  interest  in  this  field,  ihe  l esults  reported  to 
date  have  been  confined  mainly  to  the  borides,  carbides,  and  nitrides  of  the 
"A  group"  transition  metals  and  even  here  have  not  covered  all  of  the  known 
compounds.  Since  these  data  are  important  for  the  light  which  they  may 
throw  on  the  fundamental  chemical  and  crystallographical  conditions  favor- 
ing the  occurrence  of  superconductivity,  we  have  felt  that  it  would  be  of  val- 
ue to  complete  and  extend  them  as  far  as  possible.  Using  a magnetic  meth- 
od for  the  detection  of  superconductivity,  we  have  studied  a number  of  bo- 
rides, carbides,  nitrides,  and  oxides  which  have  not  previously  been  tested 
for  superconducting  behavior , and  have  reinvestigated  several  compounds 
of  this  type  already  tested  by  previous  workers.  We  have  also  systemati- 
cally surveyed  the  occurrence  of  superconductivity  among  the  silicides  and 
germanides  of  the  "A  group"  transition  metals,  since  these  compounds  have 
been  largely  neglected  in  previous  superconducting  work,  although  they  have 
received  much  study  from  the  metallurgical  standpoint.  While  many  of  our 
data  on  the  latter  compounds  have  already  been  briefly  reported,^  ^ the  pres- 
ent paper  describes  the  experimental  techniques  used  and  the  detailed  struc- 
tural and  superconducting  results  so  far  obtained. 

II.  Experimental  Details 

A.  Method 

Superconductivity  is  most  simply  detected  by  measuring  either  the  elec- 
trical resistance  or  the  magnetic  permeability  of  a given  specimen.  The 
ideal  specimen  for  both  these  tests  is  a long  solid  rod  of  pure,  homogeneous, 
strain- free  material;  for  such  a specimen  the  electrical  resistivity  and  mag- 
netic permeability  in  a small  field  may  both  be  expected  to  drop  to  zero  rath- 
er sharply  as  the  temperature  is  lowered  through  the  superconducting  tran- 
sition point.  ^2  Unfortunately,  since  most  of  the  compounds  with  which  the 
present  work  is  concerned  exhibit  such  properties  as  high  melting  points, 
brittleness,  and  ease  of  contamination,  the  fabrication  of  an  ideal  specimen 
of  the  above  type  is,  with  present  techniques,  a very  tedious  and  difficult 
task.  Thus,  in  preliminary  experiments  it  is  necessary  to  work  with  more 
readily  prepared  specimens,  which,  for  the  refractory  compounds,  include 
arc- melted  pellets,  porous  sintered  rods,  or  even  fine  powders.  For  these 
specimens  the  onset  of  superconductivity  is  often  smeared  out  over  a range 
of  temperature,  but  a large  drop  in  resistance  or  permeability  usually  gives 
unmistakable  evidence  of  superconducting  behavior. 

Some  caution  is  necessary  in  interpreting  the  results  on  inhomogeneous 
specimens,  for  the  following  reasons.  It  is  not  infrequent  for  such  speci- 
mens, even  when  carefully  prepared,  to  contain  small  amounts  of  supercon- 
ducting impurities,  often  as  one  or  more  separate  phases.  Small  quantities 
of  the  latter  will  sometimes  form  a continuous  path  through  the  specimen, 
for  example  at  the  grain  boundaries,  and  cause  the  apparent  resistance  of 
the  entire  specimen  to  disappear  at  the  transition  point  of  the  impurity.^® 
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Alternatively,  the  impurity  may  be  deposited  in  a thin  skin  around  the  in- 
dividual grains  or  particles  of  the  specimen;  if  the  thickness  of  this  skin 
exceeds  the  penetration  depth  (■ — 10" ^ cm),  the  onset  of  superconductivity 
in  the  impurity  is  accompanied  by  the  exclusion  of  magnetic  flux  from  the 
grain  or  particle  as  a whole,  so  that  the  impurity  produces  a much  great- 
er magnetic  effect  than  one  might  expect  from  its  actual  volume.  Thus,  in 
both  electrical  and  magnetic  tests  for  superconductivity  it  is  essential  to 
take  account  of  impurities,  even  trace  amounts,  in  the  specimens.  Failure 
to  observe  this  point  in  early  work  led  to  a number  of  ambiguities,  some  of 
which  crop  up  in  the  present  investigation.  However,  the  difficulties  re- 
sulted mainly  from  resistance  tests,  which  are  apparently  more  sensitive 
to  impurities  than  magnetic  tests,  presumably  because  continuous  filaments 
are  formed  more  readily  than  closed  skins.  For  this  reason,  and  also  be- 
cause of  the  unsuitability  of  the  resistance  method  for  powdered  samples, 
the  magnetic  method  is  preferred  in  the  present  work. 

B.  Apparatus 

The  magnetic  test  arrangement  used  in  earlier  work^  was  supplement- 
ed by  a new  gas  thermometer  cryostat  in  which  specimens  could  be  studied 
not  only  in  the  liquid  hydrogen  and  liquid  helium  ranges,  but  also  at  accu- 
rately known  temperatures  in  the  intervening  region.  The  essential  low 
temperature  parts  of  this  apparatus  are  shown  in  cross-section  in  Fig.  1. 

For  simplicity,  the  surrounding  liquid  nitrogen  dewar  flask  and  the  head  of 
the  cryostat  with  it.s  associated  electrical  connections  and  pumping  lines 
are  omitted  from  the  diagram. 

The  six  specimens  which  could  be  tested  during  a single  experiment 
were  mounted  in  radial  positions  just  inside  the  rim  of  a hollow  copper 
spool,  which  also  served  as  a gas  thermometer  bulb,  D.  The  top  and  bot- 
tom plates  of  the  spool  were  slotted  radially  to  minimize  magnetic  disturb- 
ance due  to  eddy  currents.  Fragmented  or  powdered  specimens  and  sintered 
rods  were  contained  in  lucite  tubes  A,  each  having  a thin-walled  section  up- 
on which  a detector  coil  B,  consisting  of  about  250  turns  of  40-gauge  formex 
insulated  copper  wire,  was  tightly  wound.  Melted  pellets  were  held  in  posi- 
tion in  the  spool  by  micarta  supports  and  had  detector  coils  wound  directly 
upon  them.  Leads  from  the  six  coils  passed  out  of  the  cryostat  via  the  ter- 
minals E and  were  connected  through  a selector  switch  to  an  almost  criti- 
cally damped  ballistic  galvanometer.  Uniform  magnetic  fields  up  to  about 
700  oersteds  could  be  applied  to  the  specimens  by  a liquid-nitrogen-cooled 
solenoid  which  was  suspended  outside  the  liquid  helium  dewar  flask  S,  but 
inside  the  liquid  nitrogen  flask.  The  pyrex  helium  dewar  was  itself  attached 
to  the  cryostat  head  by  a copper-to-glass  seal  and  an  easily  disconnected 
Rose's  metal  joint  T,  while  the  interspace  could  be  evacuated  through  the 
tube  U and  an  external  needle  valve. 

C.  Temperature  Measurement 

For  measurements  below  4,2°K,  the  specimen  holder  was  completely 
submerged  in  liquid  helium;  temperatures  down  to  just  below  1.2°K  could 
be  attained  by  suitably  varying  the  pumping  rate  on  the  liquid  helium  bath. 

In  this  range  the  specimen  temperatures  were  obtained  by  measuring  the 
vapor  pressur  e of  the  bath,  using  for  conversion  the  1949  International 
Scale. A similar  procedure  was  used  in  the  liquid  hydrogen  range. 

For  measurements  between  4.2°K  and  13.9°K,  the  triple  point  of  liquid 
hydrogen,  the  helium  bath  level  was  allowed  to  fall  below  the  specimen  hold- 
er. The  temperature  of  the  specimen  holder  was  then  raised  above  that  of 
the  bath  by  means  of  a heater  coil  C of  30- gauge  manganin  wire  wound  non- 
inductively  upon  the  outside  of  the  gas  thermometer  bulb.  Heat  from  this 
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coil  flowed  down  a brass  rod  H and  was  dissipated  in  the  helium  bath  via  a 
copper  fin  system  which  extended  to  the  bottom  of  the  dewar.  Owing  to  the 
high  thermal  conductivity  of  copper  relative  to  that  of  brass,  almost  the  en- 
tire temperature  drop  occurred  in  the  brass  rod  and  the  gradient  in  the 
specimen  holder  v/as  negligible.  In  addition,  the  slotted  support  tube  J of 
super-nickel  ensured  that  the  heat  input  from  the  cryostat  head  was  negli- 
gible compared  to  that  generated  in  the  heater  coil,  while  a thin  brass  en- 
velope G and  Lucite  endplates  F prevented  convection  in  the  helium  vapor 
from  disturbing  the  temperature  equilibrium  of  the  specimens. 

Specimen  temperatures  above  4.2®K  were  measured  with  the  constant 
volume  helium  gas  thermometer  (bulb  D)  which  had  previously  been  cali- 
brated when  immersed  in  liquid  helium.  After  corrections  for  dead-space 
volume,  gas  imperfections,  and  thermo- luolecular  pressure  gradient  in  the 
capillary  tube,  specimen  temperatures  between  4.2°  and  13.9°K  were  known 
to  better  than  0.01°K.  This  accuracy  was  checked  in  two  ways,  first  by  us- 
ing the  gas  thermometer  to  investigate  certain  superconducting  transition 
curves  which  lay  above  13.9°K  and  which  had  previously  been  studied  by 
immersing  the  specimens  directly  in  liquid  hydrogen,  and  second  by  com- 
paring our  results  for  a single  crystal  of  lead  with  those  of  previous  work- 
ers. In  both  cases  the  specimen  temperatures  agreed  to  within  one  hun- 
dredth of  a degree,  while  temperature  inequalities  within  the  specimens 
could  be  presumed  to  be  even  smaller  than  this  value. 

D . Magnetic  Measurements 

Prior  to  each  experiment  the  magnetic  system  was  calibrated  at  room 
temperature  by  observing  the  galvanometer  throw  from  each  detector  coil 
due  to  switching  off  an  accurately  known  solenoid  field  of  a few  oersteds. 

This  procedure  was  carried  out  first  with  the  coils  empty  and  second  with 
the  specimens  in  place,  in  order  to  show  up  ferromagnetic  or  other  anom- 
alous magnetic  properties.  In  most  cases,  however,  there  was  no  notice- 
able difference  between  the  "full"  and  "empty"  readings,  indicating  a speci- 
men permeability  close  to  unity.  Moreover,  the  galvanometer  throw  was 
quite  accurately  proportional  to  the  applied  field  for  fields  up  to  a few  hun- 
dred oersteds. 

On  cooling  to  liquid  hydrogen  or  liquid  helium  temperatures,  there  was 
always  a small,  reproducible  increase  in  deflection  per  unit  change  of  field, 
presumably  due  to  small  changes  in  the  detector  coil  dimensions  and  cir- 
cuit resistance.  When  the  specimen  become  superconducting,  however,  a 
large  decrease  in  deflection  was  observed  such  as  shown  in  Fig.  2.  In  this 
diagram  the  effective  permeability,  ^ , is  the  ratio  of  the  actual  deflection 
due  to  switching  off  a given  field,  H',  to  the  deflection  obtained  in  the  nor- 
mal region  by  switching  off  the  same  field.  Initial  tests  showed  that  the  de- 
flection given  by  each  coil  was  unaffected  by  the  presence  of  superconduc- 
tors in  any  of  the  five  remaining  coils  within  the  specimen  holder. 

The  onset  of  superconductivity  usually  took  place  over  an  appreciable 
range  of  temperature,  as  shown  in  Fig.  2;  such  transition  broadening  is 
thought  to  be  mainly  due  to  inhomogeneities  in  composition  and  strain  which 
produce  variations  of  transition  temperature  from  one  region  of  the  speci- 
men to  another.  Thus,  as  will  be  seen  later,  very  wide  transitions,  spread 
over  a degree  or  more,  were  observed  for  certain  carbides  and  nitrides  in 
which  quite  large  variations  of  ca.rbon  and  nitrogen  content  are  known  to  be 
possible.  On  the  other  hand,  much  sharper  transitions  were  found  for  most 
of  the  silicides  and  germanides  in  which  far  smaller  deviations  from  stoi- 
chiometric composition  are  permitted.  Assuming  that  the  variations  of  com- 
position throughout  a specimen  are  mainly  random  deviations  from  an  ideal. 
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Fig.  2.  Temperature  variation  of  effective  per- 
meability at  various  values  of  measuring  field, 

H' , arc-melted  W2B  specimen. 

stoichiometric  formula,  it  seems  reasonable  to  obtain  the  transition  tem- 
perature from  the  midpoint  of  the  transition  curve,  corresponding  to  an  ef- 
fective permeability  ( + l)/2,  where  R — » as  T — » 0.  Most  of  our 

data  were  treated  in  this  fashion,  but  in  a few  cases,  for  example  certain 
nitrides,  where  most  of  the  spreading  was  attributable  to  a specific  dis- 
solved impurity  which  displaced  in  one  direction,  the  transition  temper- 
ature was  estimated  from  the  point  of  onset  of  superconductivity  in  the  pur- 
est sample. 

A slight  broadening  of  the  transition  occurs  for  purely  geometrical 
reasons  when  the  specimen  does  not  have  the  ideal  long,  cylindrical  shape. 
Thus,  for  an  ellipsoid  of  demagnetizing  coefficient  4 TTn  in  a measuring  field 
H'  small  compared  to  the  critical  field  at  absolute  zero,  H^q,  it  may  be 
shown  that  the  midpoint  of  the  transition  Tjn  and  its  total  breadth  AT  are 
given  by 

T /T  = 1 - l/4[(2  - n)/(l  - n)][H'/H  ] (1) 

me  CO 

and 

AT/T  = l/2|n/(l  - n)l(H'/H  ] (2) 

C CO 

respectively.  The  first  equation  indicates  that  T^^  always  depends  upon  H', 
even  for  an  ideal,  cylindrical  specimen  with  zero  n;  a linear  dependence  of 
this  type  was  in  fact  observed  for  all  our  specimens  (e.g..  Fig.  2),  and  each 
transition  temperature  was  determined  from  the  value  of  T^n  obtained  at 
several  different  field  strengths  by  extrapolating  to  zero  field.  Since  our 
estimated  n values  rarely  exceeded  one-third  (the  value  for  a sphere)  and 
H'/H^o  could  usually  be  assumed  to  be  less  than  0.1,  the  geometrical  tran- 
sition width  was  less  than  T^/40  which  was  in  most  cases  negligible  com- 
pared to  the  broadening  due  to  inhomogeneity.  Owing  to  the  non- ideal  na- 
ture of  the  specimens,  no  accurate  values  of  were  obtained  in  the 
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present  work. 

The  effective  permeability  of  our  specimens  in  the  limit  T — ^ 0,  M o> 
was  never  actually  zero,  for  several  reasons.  First,  there  was  flux  leak- 
age between  the  windings  of  the  detector  coil  and  the  specimen  and  also 
through  the  specimen  itself  in  the  case  of  powders  or  sintered  rods.  Sec- 
ond, it  was  often  necessary  to  work  with  specimens  containing  substantial 
amounts  of  other  phases  besides  the  compound  of  chief  interest.  Where 
these  impurity  phases  were  known  to  be  normal  down  to  1.20°K,  they  mere- 
ly served  to  further  dilute  the  specimens  and  to  increase  M-q.  For  super- 
conducting impurities,  however,  the  situation  was  less  clear-  owing  to  the 
possibility  of  an  anomalous  decrease  in  to  magnetic  shielding  of 

the  type  discussed  in  IIA.  Fortunately,  it  was  almost  always  possible  to 
exclude  such  impurities  in  our  work,  and  there  were  only  three  casestt*  in 
which  a large  magnetic  effect  could  perhaps  be  attributed  to  a minor  super- 
conducting phase. 

E.  Specimen  Preparation 

The  borides,  carbides,  and  monoxides  tested  were,  in  most  cases,  pre- 
pared by  the  fusion  of  compressed  pellets  consisting  of  appropriate  mixtures 
of  the  pure  powdered  metals  with  boron,  carbon,  or  higher  metallic  oxide 
powders  in  an  arc-melting  furnace.  Melting  was  carried  out  in  an  atmos- 
phere of  specially  purified  argon.  The  pellets  were  melted  repeatedly,  us- 
ing a tungsten  electrode,  in  a water-cooled  copper  crucible;  spectrographic 
analyses  of  representative  specimens  showed  that  the  copper  and  tungsten 
pickup  of  the  arc-melts  was  considerably  less  than  0.1  per  cent  in  all  cases. 
When  phases  that  formed  only  at  very  high  temperatures  were  not  under  in- 
vestigation, the  specimens  were  then  annealed  at  about  1500'^C  for  between 
20  and  50  hours  in  an  atmosphere  of  purified  helium. 

Most  of  the  silicides  were  prepared  by  heating  compressed  pellets  of 
the  powdered  metals  and  silicon  for  several  hours  at  about  1500°C  in  a fur- 
nace heated  by  "Globar"  resistance  elements.  The  pellets  were  supported 
by  "Alundum"  boats  placed  in  the  center  of  the  "Sillimanite"  furnace  tube 
in  which  a slight  overpressure  of  pure  helium  was  maintained  during  heat- 
ing. Many  duplicate  silicide  specimens  were  prepared  by  arc-melting,  and 
gave  in  most  cases  superconducting  results  practically  identical  with  those 
obtained  for  sintered  specimens  of  the  same  composition. 

Germanide  specimens  were  also  prepared  by  the  sintering  technique, 
compressed  pellets  of  germanium  and  metal  powders  being  heated  at  about 
1000°C  in  pure  helium  gas.  Arc-melting  preparations  were  tried  for  many 
of  these  compounds,  but  were  usually  unsuccessful  due  to  extensive  volatil- 
ization of  germanium.  In  particular,  we  were  unable  to  obtain  suitable  spec- 
imens of  the  lower  niobium  and  tantalum  germanides  for  this  reason;  these 
specimens  could  not  be  prepared  by  sintering  even  after  very  extended  pe- 
riods, since  the  inertness  of  the  metals  caused  spongy,  extremely  inhomo- 
geneous specimens  to  be  produced. 

Nitride  preparations  were  usually  carried  out  in  a second  "Globar" 
furnace  in  which  metal  powders  could  be  heated  to  about  1450°C  in  care- 
fully purified  nitrogen.  In  one  case,  vanadium  nitride,  the  compound  was 
obtained  by  decomposing  ammonium  metavanadate  in  a stream  of  dry  am- 
monia. 

The  composition  of  all  specimens  was  checked  by  x-ray  powder  dif- 
fraction analysis  and  lattice  parameter  determinations  were  carried  out 
wherever  feasible.  The  results  were  for  the  most  part  in  good  agreement 
with  those  of  earlier  workers, and  need  not  be  discussed  in  great  detail. 
Our  structural  data  will  be  mentioned  explicitly  only  in  cases  of  appreciable 
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deviation  from  earlier  work  or  where  new  phases  were  observed.  When 
the  exact  composition  of  the  very  existence  of  a phase  is  in  doubt,  the  for- 
mula appears  in  quotation  marks. 

Spectrographic  analyses  showed  that  most  of  the  specimens  contained 
less  than  0.1  per  cent  of  dissolved  metallic  impuriti(,‘S,  and  here  again  the 
exceptions  are  discussed  later.  Finally,  vacuum  fusion  analyses  were  per- 
formed in  an  iron  bath  at  about  2100®C  for  most  of  the  nitrides  and  proved 
essential  in  relating  the  oxygen  and  nitrogen  contents  of  those  specimens 
to  their  superconducting  behavior. 

ill,  t\t'sutt.“>  aiid  Ciscucsion 

A.  Borides 

Of  eighteen  transition  metal  borides  tested  magnetically  by  Matthias 
and  Hulm,9  only  two,  NbB  and  M02B.  were  superconducting  above  1.28°K. 
Ziegler  and  Young^O  reported  normal  behavior  in  seven  borides  down  to 
1.8°K.  Among  the  remaining  borides  we  have  tested  the  nine  compounds 
TiB,  "ThB",  "V2B"  (two  forms),  VB,  Ta2B,  Cr2B,  W2B,  and  RU2B  down  to 
a temperature  slightly  below  1.20*^K.  The  results  for  these  compounds  are 
summarized  in  Table  I (superconducting)  and  Table  II  (normal),  together 
with  our  data  for  carbides,  nitrides,  and  oxidt'S  of  the  transition  metals 
discussed  in  later  sections.  These  tables  also  show  the  borides,  carbides, 
and  nitrides  tested  by  earli(?r  workers,  classified  according  to  the  best 
available  evidence. 

Of  the  compounds  tested  by  us,  only  Ta2B  and  W2B  showed  superccjn- 
ducting  behavior,  the  latter  exhibiting  a fairly  sharp  transition  (Fig.  2) 

TABLE  1 

Superconducting  Nitrides,  Carbides,  and  Boi-ides  of  the 
Groups  4,  5,  and  6 'I'ransition  Metals. 


TiN 

(5.6°)^ 

VN 

None 

1 

reported 

for  chromium  | 

ZrN 

(8.9°)^ 

Nb4N3 

(7.2V 

Mo^N 

(5.0°)^ 

["ZrB" 

(3.3°)]'^ 

NbN 

(14. 7*^)'^ 

MoN 

(12.0°)‘> 

Nb^C 

(9.18°)^ 

Mo^C 

(2.78°)^ 

NoiiC  reported  for 

NbC 

(6.0^)^ 

MoC 

(9.26°)^ 

hafnium 

or  the 

(8.25°)^ 

lanthanide  and 

NbB 

Mo„B 

(4.74°)^  , 

actinide 

series 

of  metals 

Ta2C 

(3.26°)'" 

W2C 

(2.74°)^ 

lTa2B 

(3.12°))^’® 

W2B 

(3.10°)^ 

a Transition  temperature  from  present  work,  magnetic  data, 

b Transition  temperature  from  reference  9,  magnetic  data, 

c Transition  temperature  from  reference  8,  magnetic  data, 

d Transition  temperature  from  reference  7,  electrical  data  only, 

e Superconductivity  doubtful  owing  to  free  tantalum  (see  text). 
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TABLE  U 


Nonsuperconducting  Borides,  Carbides,  Nitrides,  and  Oxides 
of  the  Groups  4,  5,  and  6 Transition  Metals 


TiB^ 

"V2B"  (2)^ 

TiB^b,c 

VB^ 

CrB^ 

TiC^"'''^ 

V 

2^ 

CrBj'’ 

TiO^ 

CJr  a c 
4 

ny 

Cr„C„^ 

5 2 

7 3 

VO^ 

ZrB/ 

NbjB.,'' 

CrN^ 

Zrc^'^'G 

MoB  (2)^'^ 

Nb^N^ 

HfB® 

NbO^’® 

b c 

WB  ’ 

Hfc'^ 

TaB^ 

■^=‘384’’ 

b c 
WC  ’ 

"ThB"^ 

TaBj*'’" 

ThB/ 

TaC^’^ 

ThC^ 

Ta^N^’^ 

UC^ 

Th„N/ 

TaN^’*^ 

UN^ 

3 4 

a Tested  magnetically  down  to  1.20*^K,  present  work, 

b Tested  magnetically  down  to  1.28°K,  reference  9. 

c Tested  magnetically  down  to  1.8°K,  reference  10, 
d Tested  magnetically  down  to  1.88°K,  reference  8. 
e Tested  electrically  down  to  about  1.2°K,  references  5-7. 

centered  on  3.10°K.  Unfortunately,  in  common  with  previous  investiga- 
tors,^'^® we  were  unable  to  prepare  a specimen  of  Ta2B  which  did  not  con- 
tain substantial  amounts  (about  30  per  cent  of  each)  of  free  tantalum  and 
TaB,  even  though  a number  of  different  annesding  procedures  were  tried. 
These  specimens  all  showed  superconductivity  at  about  3.12°K.  In  spite  of 
the  very  high  flux  expulsion  from  the  detector  coil  (about  80  per  cent),  it 
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was  felt,  for  the  reasons  discussed  in  Section  II,  that  the  magnetic  effect 
could  be  due  to  the  free  tantalum  in  the  specimens.  This  view  was  support- 
ed by  the  data  for  an  arc-melted  specimen  of  tantalum  saturated  with  boron, 
which  had  a transition  temperatiire  of  3.32‘^K.  Thus,  although  Ta2B  itself 
may  become  superconducting  close  to  3*^K,  this  result  is  not  definitely  estab- 
lished. 

The  normal  compounds  include  the  recently  reported  phase  VB;^^  and 
two  new  phases  which  were  observed  in  several  specimens  of  the  overall 
composition  V2B  prepared  by  arc-melting,  followed  by  prolonged  annealing, 
in  some  cases,  at  temperatures  of  1500°  and  1700°C.  These  specimens 
were  shown  by  x-ray  diffraction  analysis  to  contain  two  new  compounds  of 
unknown  crystal  structure.  Only  one  of  these  phases  was  present  in  the  un- 
annealed arc-melts;  all  of  the  annealed  specimens  contained  both  phases  in 
roughly  equal  amounts. 

The  specimen  of  RuqB^®  w.as  prepared  by  melting  together  the  elements 
under  pure  helium  at  1450°C,  followed  by  twelve  hours'  annealing  at  1100°C. 
The  complex  x-ray  diffraction  pattern  of  this  compound  has  not  been  inter- 
preted; the  x-ray  data  showed,  however,  that  our  specimen  contained  no  RuB 
or  free  ruthenium. 

Several  attempts  were  made  to  prepare  the  monoboride  of  zirconium, 
which  has  recently  been  investigated  by  Post  and  Glaser. ^ ^"23  This  com- 
pound is  of  special  interest  in  view  of  Meissner,  Franz,  and  Westerhoff's 
earlier  result^  that  the  electrical  resistance  of  "ZrB”  drops  to  zero  be- 
tween 3.8°  and  2.8°K.  Since  "ZrB"  is  reported  as  forming  only  between 
1000°  and  1200°C,  our  prepiarations  were  carried  out  in  a vacuum  induc- 
tion furnace  or  in  the  annealing  furnace.  All  of  the  resulting  specimens 
proved  to  contain  only  Zr,  ZrB2>  and  traces  of  Zr02,  so  that  the  supercon- 
ductivity of  zirconium  monoboride  could  not  be  checked. 

Magnetic  data  are  now  available  for  four  hemiborides  which  crystallize 
in  the  tetragonal  CUAI2  type  of  lattice,  namely,  M02B  and  W2B  (super- 

conducting), Ta2B  (doubtful),  and  Cr2B  (normal  to  1.2°K).  Including,  as  it 
does,  two  of  the  three  known  superconducting  borides,  this  lattice  evidently 
favors  superconductivity,  perhaps  because  the  individual  boron  atoms  are 
isolated.  One  might  expect  the  higher  borides  to  be  somewhat  less  "me- 
tallic" in  character  owing  to  th ■■  progressive  increase  in  the  number  of  co- 
valent linkages  between  boron  atoms  with  increasing  boron  content, 34  al- 
though it  must  be  admitted  that  this  change  does  not  seem  to  be  accompa- 
nied by  a systematic  increase  in  electrical  resistivity.  ^ >32  Another  inter- 
esting feature  is  that  the  known  superconducting  borides  are  clustered  in  a 
single  region  of  the  periodic  system  in  which  two  of  the  parent  metals,  mo- 
lybdenum and  tungsten,  remain  normal  down  to  very  low  temperatures. 

This  situation  will  shortly  be  seen  to  be  repeated,  with  some  variations  in 
several  other  classes  of  compounds. 

B.  Carbides 

Meissner  and  his  co- workcrs^'"^  observed  that  the  electrical  resistance 
of  monocarbide  specimens  of  ZrC,  NbC,  TaC,  MoC,  and  WC  dropped  steep- 
ly, in  some  cases  to  zero,  in  the  temperature  intervals  4,07°  - 3.35°,  10.5° 

- 10.1°,  9.5°  - 9.3°,  7.8°  - 7.6°,  and  4.2°  - 2.5°K,  respectively.  However, 
in  magnetic  measurements  Ziegler  and  Young^®  found  no  evidence  of  super- 
conducting behavior  in  TiC,  ZrC,  VC,  TaC,  and  WC  down  to  1.8°K,  while 
Matthias  and  Hulm^  reported  WC  to  be  normal  down  to  1.28°K,  but  MoC  as 
superconducting  at  about  9.26°K,  which  is  somewhat  higher  than  Meissner 
and  Franz's  value. 

To  check  and  extend  these  results  we  studied  the  seven  monocarbides 
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TiC,  ZrC,  The,  VC,  NbC,  TaC,  and  UC  down  to  1.20°K.  Most  of  these  com- 
pounds were  prepared  by  arc-melting,  but  the  specimen  of  UC  was  obtained 
in  a vacuum  induction  furnace  by  the  reaction  at  1800^^C  of  an  intimate  mix- 
ture of  U3O0  and  graphite  powder,  contained  in  a graphite  crucible. 

This  method  of  preparation  might  be  expected  to  yield  a product  containing 
appreciable  amounts  of  oxygen  in  solution;  unfortunately,  the  previously  re- 
ported values25,26  Qf  jj.jp  lattice  constant  of  "pure"  UC  differ  by  0.004A, 
with  the  result  that  the  lattice  parameter  for  our  sjjecirnen  (4. 952 A),  while 
it  lay  between  the  two  published  values,  did  not  provide  a very  precise  indi- 
cation of  the  specimen  purity.  The  sf)ecimens  of  ThC  and  UC,  both  of 
which  are  unstable  in  air,  were  handled  in  a dry-box  under  argon,  and  were 
tested  while  sealed  in  thin-walled  glass  tubes  under  pure  helium. 

No  evidence  of  superconducting  behavior  was  found  in  the  monocarbides 
of  titanium,  zirconium,  thorium,  vanadium,  tantalum.,  and  uranium,  so  that 
we  must  conclude,  in  agreement  with  Ziegler  and  Young,  that  the  disap- 
pearance of  electrical  resistance  found  by  Meissner  and  Franz  in  ZrC  and 
TaC  was  due  to  traces  of  superconducting  impurity,  possibly  the  nitride  in 
the  former  case  and  free  tantalum  in  the  latter.  Our  NbC  specimen  showed 
a rather  broad  superconducting  transition  over  a range  of  about  3°K  with 
its  midpoint  at  6°K  (Fig.  3).  Since  the  x-ray  diffraction  pattern  of  this  spec- 
imen contained  only  monocarbide  lines,  we  j^resume  that  the  electrical  tran- 
sition which  Meissner  and  Franz^  found  between  10.5°  and  lO.l'^K  for  "NbC" 
may  have  been  due  to  impurities,  perhaps  Nb2C  (see  below)  or  free  niobium. 


TEMPERATURE,  *K 


Fig.  3.  Temperature  variation  of  effective  per- 
meability for  arc-melted  Nl)2C,  NbC,  Ta2C,  and 
sintered  Mo^Si  specimens,  measuring  field  26 
oersteds. 

In  addition  to  the  monocarbides,  we  investigated  the  lower  compounds 
V2C,  Nb2C,  T^C,  CI-4C,  Cr7C3,  and  Cr3C2  down  to  1.20OK.  Since  Cr4C 
was  reported^  f to  be  unstable  above  153QOC,  this  specimen  was  annealed 
at  about  1450°C  for  50  hours,  after  arc-melting.  Nb2C  and  Ta2C  were  al- 
so subjected  to  a similar,  especially  long  annealing  treatment  and  their 
x-ray  diffraction  patterns  contained  no  lines  due  to  other  compounds  or  to 
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the  free  metals.  It  should  be  mentioned  that  although  the  hemicarbides  of 
vanadium  and  niobium  have  been  reported  by  several  workers,28-3  1 some 
doubt  has  been  expressed  regarding  their  actual  existence. ^2  However, 
our  x-ray  data  for  these  compounds  indicated  a hexagonal  structure,  simi- 
lar to  that  of  Ta2C,  M02C,  and  W2C,  with  the  lattice  parameters  2.944, 

4. SOSA  (V2O  and  3.105,  4.970A  (Nb^C). 

Of  the  six  lower  carbides  tested,  only  Nb2C  and  Ta2C  became  super- 
conducting above  1.20*^K;  both  these  compounds  exhibited  quite  sharp  tran- 
sitions centered  upon  9.18°K  (Nb2C)  and  3.26°K  (Ta2C)  [Fig.  3).  Neither 
compound  has  been  investigated  for  superconductivity  in  previous  work. 

C.  Nitrides 

Electrical  resistance  transitions  similar  to  those  found  by  Meissner 
and  his  co-workers  in  the  monocarbides  were  also  reported  by  these  in- 
vestigators for  the  mononitrides  TiN  (two  drops  in  resistance,  at  5.5°  and 
1.2°K),  ZrN  (9.6°  - 9.3°K),  and  VN  (3.2°  - 1.5°K).  More  recently,  Justi 
and  his  co-workers^3  and  Horn  and  Ziegler®  independently  found  magnetic 
evidence  of  superconductivity  in  NbN  at  about  15°K,  while  the  latter  work- 
ers reported  TaN  as  normal  down  to  1.88°K.  Matthias  and  Hulm^  observed 
a superconducting  transition  in  MoN  at  about  12°K. 

Since  the  electrical  data  for  several  monocarbides  were  not  confirmed 
by  later  magnetic  tests,  it  was  felt  necessary  to  check  the  above  electrical 
results  for  the  mononitrides.  While  our  magnetic  studies  have  shown  that 
all  three  compounds,  TiN,  ZrN,  and  VN,  are  indeed  superconducting,  the 
behavior  of  our  specimens  of  TiN  and  VN  was  found  to  be  quite  sensitive 
to  variations  in  the  small  quantities  of  oxygen  which  entered  the  specimens 
during  preparation. 

By  heating  various  samples  of  titanium  for  about  8 hours  at  1450°C  in 
nitrogen  gas  subjected  to  different  degrees  of  purification,  we  prepared 
three  specimens  of  TiN  (A,  B,  and  C)  containing  slightly  different  amounts 
of  oxygen.  The  oxygen  contents  determined  by  vacuum  fusion  analysis  are 
shown  in  Table  111  and  the  superconducting  results  in  Fig.  4.  X-ray  evidence 

TABLE  111 


Influence  of  Oxygen  Contamination  on  the  Super- conductivity  of  TiN. 


Specimen 

Oxygen  content 
(weight  %) 

Lattice 

Parameter 

(A) 

♦ 

T 

(°K) 

A 

0.4 

4.240 

5.58 

B 

0.8 

4.240 

5.58 

C 

1.5 

4.240 

4.86 

D 

1.6 

4.230 

2.90 

* Onset  temperature,  extrapolated  to  zero  field. 


("tailing"  off  of  diffraction  peaks  at  high  angles)  and  slight  changes  of  color 
from  the  surface  to  the  interior  of  these  specimens  suggested  that  the  oxy- 
gen content  was  somewhat  higher  in  the  surface  region  than  at  the  center. 
This  was  also  supported  by  the  very  wide  range  of  the  superconducting  tran- 
sition; the  sharp  drop  in  permeability  at  about  5.5°K  for  specimen  A is  at- 
tributed to  a pure  central  core  in  which  the  oxygen  content  was  even  less 
than  the  0.4  per  cent  average  value  for  the  specimen  as  a whole.  It  should 
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Fig.  4.  Temperature  variation  of  effective  per- 
meability for  sintered  TiN  samples  containing  dif- 
ferent amounts  of  oxygen  (Table  III),  measuring 
field  26  oersteds. 

be  noted  that  the  same  lattice  parameter  was  obtained  for  A,  B,  and  C, 
4.240A,  which  lies  between  the  values  4.242A  and  4.235A  reported  previous- 
ly for  pure  TiN.^^<^^ 

As  a further  check  on  the  above  results,  a fourth  TiN  specimen,  D (Ta- 
ble III)  was  prepared  by  annealing  p^art  of  specimen  C under  purified  helium 
for  twenty  hours  at  1500°C.  The  total  oxygen  content  was  hardly  changed, 
but,  presumably  owing  to  diffusion  of  oxygen  into  the  purer  parts  of  the 
specimen,  the  lattice  parameter  decreased  appreciably  and  the  temperature 
of  onset  of  superconductivity  (not  shown  in  Fig.  4)  was  depressed  to  2.9°K. 
Replacement  of  nitrogen  by  oxygen  in  the  TiN  lattice  evidently  decreases 
the  superconducting  transition  temperature,  which  is  not  unreasonable  in 
view  of  the  fact  that  the  isostructural  monoxide,  TiO,  is  itself  normal  down 
to  1.20°K  (Section  III  D). 

From  the  temperature  of  the  sudden  onset  of  superconductivity  in  spec- 
imen A,  extrapolated  to  zero  field,  we  obtain  a value  5.6°K  for  the  transi- 
tion point  of  pure  TiN.  This  compares  quite  favorably  with  the  upper  elec- 
trical transition  observed  by  Meissner  and  Franz;  their  second  transition 
at  1.2°K  may  have  been  due  to  oxygen  contamination  or  perhaps  to  the  pres- 
ence of  impure  titanium  metal. 

Samples  of  ZrN  prepared  by  the  same  method  as  TiN  gave  quite  broad 
superconducting  transitions  of  the  type  shown  in  Fig.  5,  with  midpoints  in 
all  cases  close  to  8.9°K,  in  good  agreement  with  Meissner  and  Franz's  elec- 
trical data.  Oxygen  contamination  does  not  seem  seriously  to  affect  the  su- 
perconductivity of  this  compound,  perhaps  because  the  formation  of  Zr02  is 
preferred  to  the  replacement  of  nitrogen  by  oxygen  in  the  nitride  lattice;  no 
evidence  has  been  found  for  the  existence  of  ZrO.^^ 

In  preparing  VN  by  heating  NH4VO3  in  ammonia,  previous  investiga- 
tors'®*^^ found  that  at  temperatures  high  enough  to  ensure  complete  reduc- 
tion of  the  vanadium  oxides  (about  1200°C),  the  VN  itself  loses  appreciable 
amounts  of  nitrogen.  To  see  how  this  affected  the  superconductivity,  we 
prepared  three  VN  specimens  of  about  the  same  shape  at  three  different 
temperatures,  with  the  results  shown  in  Table  IV  and  Fig.  6.  Even  though 
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Fig.  5.  Temperature  variation  of  effective  permeabil- 
ity for  sintered  ZrN,  Nb^Ng,  and  W2Si2  specimens, 
measuring  field  26  oersteds. 

specimen  A contained  the  most  oxygen,  it  exhibits  the  sharpest  supercon- 
ducting transition  and  the  lowest  effective  permeability,  probably  owing  to 
the  faqt  that  the  oxygen  occurs  as  residual  oxides  (VO2  or  V2O5)  which  are 
not  superconducting.  As  the  preparation  temperature  is  raised,  more  oxy- 
gen is  driven  off  but  at  the  same  time  more  apparently  goes  into  solution 
in  the  VN  lattice  and  depresses  the  superconducting  transition  point.  This 
may  have  been  responsible  for  the  low  transition  temperature  observed  by 
Meissner  and  Franz;  in  view  of  the  fact  that  our  specimen  A was  the  most 
completely  superconducting  and  gave  a lattice  parameter  closest  to  the  val- 
ues reported  by  previous  workers39“41  for  pure  VN  (4.134A  and  4.137A), 
we  regard  the  temperature  of  onset  of  superconductivity  in  this  specimen 
(8.2°K)  as  the  most  reliable  transition  temperature  at  present  available. 

In  addition  to  the  above  mononitrides  we  tested  the  seven  compounds 
Th3N4,  "V5N2",  Nb2N,  Nb4N3,  Ta2N,  TaN,  and  UN  down  to  1.20°K.  Nor- 
mal behavior  was  observed  in  all  cases  except  that  of  Nb4N3,  which  became 
superconducting  over  a range  of  5°K  with  its  midpoint  at  7.2°K  (Fig.  5);  ac- 
cording to  Brauer  and  Jander'^2  compound  has  a crystal  structure  based 

upon  a tetragonally  deformed  NbN  (NaCl  type)  lattice.  In  view  of  the  high 

TABLE  IV 


Influence  of  Preparation  Temperature  on  the  Superconductivity  of  VN. 


Specimen 

Prepn. 

temp. 

(°C) 

Oxygen 

content 

(wt.%) 

Nitrogen 

content 

(wt.%) 

Latt. 

par. 

(A) 

♦ 

T 

c 

(°K) 

A 

1000 

7.6 

■ra 

8.2 

B 

1200 

2.3 

6.7 

C 

1350 

2.4 

4.130 

5.8 

* Onset  temperature,  extrapolated  to  zero  field. 
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Fig.  6.  Temperature  variation  of  effective  permeabil- 
ity for  "VN"  samples  containing  different  amounts  of 
oxygen  and  nitrogen  (Table  IV),  measuring  field  26 
oersteds. 

transition  points  of  the  vanadium  and  niobium  mononitrides,  and  of  the  met- 
als themselves,  it  is  interesting  that  the  hexagonal  lower  nitrides  "V5N2" 
and  Nb2N  remain  normal  down  to  1.20°K.  Both  these  compounds  involve  a 
close-packed  hexagonal  metal  lattice  with  nitrogen  atoms  in  the  inter- 
stices,however,  as  Hahn  has  pointed  out,  since  the  holes  in  the  vana- 
dium lattice  are  too  small  for  the  nitrogen  atoms,  the  compound  is  formed 
in  the  range  VNq  3-7  to  VNq  43  instead  of  at  the  ideal  composition  VNq  ^q. 

The  absence  of  superconductivity  in  Th3N,l  is  perhaps  to  be  expected, 
since  this  compound  is  usually  regarded  as  a typical  "ionic"  and  non-me- 
tallic  nitride. While  our  particular  specimen  of  TaN  showed  no  trace  of 
superconductivity,  its  x-ray  diffraction  pattern  did  not  resemble  that  re- 
ported by  Horn  and  Ziegler®  for  a sample  which  remained  normal  down  to 
1.88°K,  and  neither  of  these  patterns  agree  with  that  given  by  Becker  and 
Ebert^'^  for  TaN.  On  the  other  hand,  our  Ta2N,  which  was  naade  by  heat- 
ing an  intimate  mixture  of  TaN  and  tantalum  at  1450°C,  gave  a hexagonal 
pattern  similar  to  that  of  Nb2N  and  identicad  with  the  data  of  van  Axkel^® 
for  a specimen  which  he  called  "TaN."  Chiotti^®  has  shown  convincingly 
that  this  hexagonal  close-packed  phase  is  actually  the  heminitride  of  tanta- 
lum, but  the  structures  existing  around  the  composition  "TaN"  remain  ob- 
scure. 

D.  Oxides 

Arc-melted  pellets  of  the  monoxides  TiO,  VO,  and  NbO  showed  no  trace 
of  superconductivity  down  to  1.20°K.  The  TiO  and  VO  specimens  were  found 
to  have  a sodium  chloride  structure,  with  lattice  parameter  in  good  agree- 
ment with  values  obtained  by  earlier  workers.^f ,48  NbO  also  gave  an  x-ray 
diffraction  pattern  in  good  agreement  with  that  previously  reported, which 
apparently  corresponds  to  a structure  derived  from  the  NaCl  type  by  the  or- 
derly removal  of  niobium  and  oxygen  atoms  from  one-fourth  of  the  lattice 
positions.  These  oxides  all  had  a metallic  appearance;  VO  and  NbO  were 
silvery  and  TiO  was  a dull  golden  color.  Rough  tests  showed  that  the  elec- 
trical resistivity  of  the  latter  was  about  300  micro-ohm  cm  at  room  temper- 
ature and  rose  by  a few  per  cent  on  cooling  to  78°K,  which  suggests  semi- 
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conducting  behavior.  It  should  be  remarked  that  Meissner,  Franz,  and  Wes- 
terhoff^  found  a gradual  drop  in  electrical  resistance  for  NbO  between  about 
4.2°  and  1.4°K,  which,  in  view  of  the  present  results,  was  probably  due  to 
impurities. 

E.  Silicides 

Although  the  radius  of  silicon  is  too  large  for  the  extensive  formation 
of  interstitial  compounds,  many  of  the  transition  metal  silicides  have  metal- 
lic character  and  their  structures  have  been  extensively  studied.^®  In  the 
present  work  all  the  known  silicides  of  the  Groups  4,5,  and  6 transition  met- 
als, with  the  exception  of  hafnium  and  uranium,  were  tested  for  superconduc- 
tivity down  to  1.20°K.  The  results  of  these  studies,  together  with  those  for 
similar  tests  on  the  corresponding  germanides,  are  summarized  in  Table  V 
(superconducting)  and  Table  VI  (normal). 

TABLE  V 

Superconducting  Silicides  and  Germanides  of  Groups  4,  5,  and  6 
Tratisition  Metals  (present  work). 


None  found  for 
titanium  or 

V„Si 

VsGe 

(17.1°) 

(6.01°) 

None  found  for 
chromium 

None  tested 
for  hafnium 

("Nb^Gc" 

(1.9°)1* 

Mo^Si 

MogGe 

(1.30°) 

(1.43°) 

a -ThSi2  (3.16°) 
/3  -ThSi2  (2.41°) 

["Ta^Gc" 

(1.6°)]  * 

^3^*2 

(2.84°) 

* Doubtful  owing  to  presence  of  free  metal. 


Superconducting  behavior  was  observed  in  the  five  silicides  V3Si  (17.1°K, 
Fig.  7),  Mo3Si  (1.30°K.  Fig.  3),  oc  -ThSi2  (3.16»K,  Fig.  8),/3  -ThSi2  (2.41°K, 
Fig.  8),  and  \V3Si2  (2.84°K,  Fig.  5),  representing  four  structure  types  in 
which  the  phenomenon  has  not  previously  been  reported.  The  most  striking 
feature  of  these  results  is  the  transition  temperature  of  V3Si,  which  is  the 
highest  known  for  any  binary  compound.  Since  both  V3Si  and  Mo3Si  crystal- 
lize in  a cubic  structure  of  the  ^ -tungsten  type  [O^]  , it  is  interesting  that 
a third  silicide  of  the  same  structure,  Cr3Si,  remains  normal  down  to  1.20°K. 
According  to  Zener^^  these  compounds  might  be  expected  to  possess  an  anti- 
ferromagnetic  spin  arrangement,  but  this  point  does  not  seem  to  have  been 
checked  with  neutron  diffraction;  there  is  at  present  no  known  case  in  which 
superconductivity  and  antiferromagnetism  coexist. 

At  an  early  stage  in  the  investigation  of  V3Si  it  was  found  that  certain 
impurities  often  present  in  commercial  vanadium  metal,  in  particular  iron, 
tend  to  depress  the  superconducting  transition  temperature.  The  transition 
curves  for  three  specimens  prepared  from  vanadium  obtained  from  three  dif- 
ferent sources  are  shown  in  Fig.  7;  Table  VII  gives  the  main  impurity  con- 
tent of  these  specimens  and  indicates  that  as  little  as  0.1  per  cent  of  iron 
lowers  the  transition  temperature  by  nearly  one  degree.  Since  all  our  spec- 
imens contained  about  the  same  amount  of  manganese,  it  was  not  possible  to 
decide  how  much  effect  this  impurity  had  upon  the  transition  temperature. 
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TABLE  VI 


Silicides  and  Germanides  of  Groups  4,  5,  and  6 Transition  Metals 
Nonsuperconducting  down  to  1.20°K  (present  work). 


Ti^Sia,  Ti^Ge^ 

"V3Si2",  V-Ge 

Cr3Si,  Cr3Ge 

TiSi 

TiSi2,  TiGe2 

CrSi,  CrGe 

CrSi2 

Zr^Si,  Zr2Si 

”Nb2Si" 

Zr3Si2,  Zr^Si3 

NbSi2,  NbGo2 

Mo3Si2,  Mo3Ge2 

MoSi2 

ZrSi,  Zr-Ge 

Ta.Si,  Ta_Si_ 
0 5 2 

a - MoGe2 

ZrSi2,  ZrGe2 

/3  - MoGe2 

T'aSi2»  T*aG02 

Th3Si2,  Th-Ge 

WSi2 

TEMPERATURE,  *K 


Fig.  7.  Temperature  variation  of  effective  permeabil- 
ity for  arc- melted  V3Si  samples  containing  different 
amounts  of  impurity  (Table  VII),  measuring  field  8 oer- 
sted. 
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Fig.  8.  Temperature  variation  of  effective  permeabil- 
ity for  arc-melted  V3Ge.  Mo3Ge,  and  sintered  0(-ThSi2, 
^-ThSi2  specimens,  measuring  field  26  oersteds. 

TABLE  VII 


Influence  of  Impurities  on  the  Superconductivity  of  V^Si. 


Specimen 

Impurities 
% Fe  % Mn 

Latt.  par. 
(A) 

* 

Midpoint 

(°K) 

A 

0.05 

0.2 

4.722 

17.0 

B 

0. 1 

0.3 

4.723 

16.3 

C 

1.0 

0.3 

4.720 

14.4 

Applied  field  8 oersteds. 


However,  since  the  neighboring  elements  iron  and  chromium  (see  Table 
Vni)  tend  to  depress  the  transition,  mang2inese  probably  has  the  same  ef- 
fect and  we  presum.e  that  the  transition  temperature  of  extremely  pure 
V3Si  lies  somewhat  above  17°K. 

In  an  attempt  to  raise  the  transition  temperature  of  V3Si  specimens, 
we  investigated  the  effect  of  varying  the  silicon  content  and  also  of  replac- 
ing part  of  the  vanadium  or  silicon  by  other  elements.  Changes  up  to  t 20 
atomic  per  cent  of  silicon  produced  hardly  any  change  of  Tq,  probably  be- 
cause the  single  phase  region  for  V3Si  is  rather  narrow.  The  introduction 
of  other  elements  caused  the  changes  listed  in  Table  VIII;  although  many  of 
the  added  elements  did  not  dissolve  completely  in  the  V3Si  phase,  in  spite 
of  melting  in  the  arc  furnace,  the  results  show  that  the  transition  temper- 
ature was  lowered  in  all  cases. 

Of  the  remaining  new  superconductors,  the  tetragonal  compound 
OC-ThSi2  [D^gl  is  well  known;^2  tested  the  isomorphous  compounds^^"^^ 
CeSi2,  LaSi2,  YSi2  (distorted),  but  all  three  remained  normal  down  to 
1.20OK.  A series  of  Th-Si  specimens  of  different  silicon  contents  also 
yielded,  in  addition  to  OC  -ThSi2,  two  previously  unreported  phases,^® 
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TABLE  VIII 


Effect  of  Added  Elements  on  the  Superconductivity  of  V^Si. 


Composition 

Latt.  par. 
(A) 

Trans,  range* 
(°K) 

Midpoint* 

(°K) 

^3  S' 

4.722 

16.4  - 17.1 

16.8 

^aS^o.g'^o.i 

4.723 

15.5  - 16.7 

16.4 

^aS^o.g^^o.i 

4.731 

13.0  - 14.4 

14.0 

^aS^o.g^o.i 

4.720 

15.0  - 16.3 

15.8 

^aS'o.g^'o.i 

4.727 

13.1  - 14. g 

14.05 

4.736 

10.0  - 12.0 

10.9 

^^o.g^''o.i^3S^ 

4.724 

11.0  - 15.3 

13.2 

<^.gN^o.i>3S' 

4.756 

12.0  - 13.5 

12.8 

4.732 

11.5  - 12.5 

1 1.7 

^^o.g^^o.  i'3S' 

4.607 

11.0  - 11.9 

11.3 

<^o.g'^%.i>3S' 

4.707 

2.0  - 3.8 

j 

2.9 

Applied  field  26  oersteds. 


/3-ThSi2  (hexagonal  superconducting  at  2.41°K)  and  Th3Si2  (tetrag- 
onal normal).  These  specimens  also  contained  a good  deal  of  Th02i 

which,  however,  merely  served  to  increase  the  effective  permeability  in  the 
superconducting  range. 

In  a previous  paper  superconductivity  was  reported  in  Mo3Si2,  which 
is  apparently  isomorphous  with  the  superconductor  \V3Si2,  both  structures 
being  unidentified.  TTiis  result  was  an  erroneous  one  due  to  the  presence  of 
Mo3Si  impurities  in  the  original  "Mo3Si2"  specimen.  Since  the  x-ray  dif- 
fraction pattern  of  pure  Mo3Si2  contains  all  the  lines  of  Mo3Si,  the  presence 
of  these  impurities  remained  undetected  for  some  time.  However,  prolonged 
annealing  of  the  specimen  caused  the  superconductivity  to  disappear,  pre- 
sumably owing  to  the  removal  of  Mo3Si. 

It  is  of  interest  to  mention  some  normal  phases  found  by  us  in  silicide 
systems  which  have  hitherto  been  incompletely  explored.  For  the  vanadium- 
silicon  system  a new  phase  of  unknown  structure  was  observed  at  the  approx- 
imate composition  V3Si2.  In  addition  to  NbSi2,  two  lower  niobium  silicides 
have  been  previously  mentioned  without  x-ray  diffraction  data. 57  Our  speci- 
mens sintered  at  1450°C  contained  a phase  of  approximate  composition 
Nb5Sio;  we  found  the  x-ray  diffraction  {Httern  to  be  identical  with  that  re- 
ported^®  for  Ta5Si3.  Arc-melted  specimens  gave  an  additional  phase  of 
composition  Nb2Si  which  is  apparently  formed  only  at  very  high  tempera- 
tures. 

Finally,  we  note  that  four  tantalum  silicides®®*®^  remained  normal 
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down  to  1.20°K,  which  strongly  suggests  that  the  disappearance  of  electri- 
cal resistance  observed  by  Meissner,  Franz,  and  Westerhoff^  in  a "TaSi" 
specimen  was  due  to  impurities,  probably  free  tantalum. 

F.  Germanides 

Structural  interest  in  the  transition  metal  germanides  is  quite  recent, 
and  far  less  information  is  available  than  for  the  silicides.  However,  the 
data  so  far  obtained  seem  to  indicate  that  the  silicides  and  germanides  of 
a given  transition  metal  are  much  more  closely  related  to  each  other  than 
to  the  carbides  or  nitrides  of  that  metal.  Whereas  the  carbides  and  nitrides 
tend  to  have  "interstitial"  structures,  the  silicides  and  germanides  have 
structures  based,  to  some  extent,  on  bonding  of  non-metal  atoms  to  each 
other, and  on  equivalence  between  the  roles  of  metal  and  non-metal  atoms 
in  the  structure,  in  analogy  with  the  borides. 

We  tested  the  known  germanides  of  the  Groups  4,  5,  and  6 metals  down 
to  1.20°K,  with  the  results  given  in  Tables  V (superconducting)  and  VI  (nor- 
mal). Only  two  new  superconductors  were  observed,  V3Ge  (6.01°K,  Fig.  8) 
and  Mo3Ge  (1.43°K,  Fig.  8),  both  of  which  are  isomorphous  with  V3Si.^O,61 

In  view  of  our  incomplete  knowledge  of  the  phase  diagrams,  it  was  usu- 
al to  prepare  for  each  transition  metal  about  eight  sintered  specimens  of 
different  germanium  contents  in  the  range  M^Ge  to  MGe2»  where  M is  the 
metal.  X-ray  studies  for  the  systems  Zr-Ge,  Th-Ge,  and  V-Ge  indicated 
the  presence  of  several  new  phases  in  addition  to  the  known  compounds^® 
ZrGe2  V3Ge,  but  since  none  of  these  were  superconducting  above 
1.20°K,  they  were  not  investigated  further.  In  both  arc-melted  and  sintered 
specimens  of  Nb-Ge  and  Ta-Ge,  evidence  was  found  for  existence  of  the  pre- 
viously reported^O  digermanides,  which  remained  normal  down  to  1.20°K, 
and  two  lower  compounds  of  approximate  composition  "Nb2Ge"  and  "Ta2Ge" 
which  showed  superconducting  behavior  at  about  1.9°  and  1.6°K  respective- 
ly. However,  since  free  metal  was  present  in  all  specimens  of  these  hemi- 
germanides,  their  superconductivity  remains  in  doubt. 

In  the  Ti-Ge,  Cr-Ge,  and  Mo-Ge  specimens,  only  known  compounds 
were  present, the  normal  compounds  including  Mo3Ge2  and  two  forms 
of  MoGe2  upon  which  x-ray  data  has  recently  been  published.® 3 Just  as  for 
Mo3Si2,  discussed  in  III  E,  the  superconducting  behavior  previously  report- 
ed^^  for  Mo3Ge2  disappeared  after  prolonged  annealing  and  was  therefore 
presumed  to  have  been  due  to  Mo3Ge  impurities.  No  compounds  were  found 
in  the  W-Ge  system. 

G.  Other  Compounds 

Since  superconductivity  was  observed  in  four  compounds,  V3Si,  V3Ge, 
Mo3Si,  and  Mo3Ge,  which  crystallize  in  a structure  of  the  /3  -tungsten  type, 
it  was  thought  worthwhile  to  test  several  intermetallic  compounds  of  this 
structure.  However,  four  such  compounds,  Ti3Pt,®^  Ti3Au,®^  V3C0,®®  and 
Mo3Zr,®®  remained  normal  down  to  1.20°K. 

The  lowest  known  sulphide  of  niobium,  NbS,®"^  was  prepared  by  heating 
the  powdered  metal  and  sulphur  in  a sealed,  evacuated  "Vycor"  tube  at  about 
lOOO^C  until  equilibrium  was  attained.  No  trace  of  superconductivity  was 
observed  in  this  compound  down  to  1.28°K. 

IV.  Conclusion 

Excluding  the  bismuthides,^  about  thirty  compounds  of  metals  with  non- 
metallic  elements  have  now  been  shown  to  be  superconducting  on  the  basis 
of  quite  reliable  magnetic  evidence.  Most  of  these  are  listed  in  Tables  I 
and  V,  including  the  eleven  new  superconductors  found  in  the  present  work; 
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the  others  comprise  CuS^^  and  several  compounds  of  Group  8 metals  recent- 
ly reported  superconducting  by  Matthias.®®  Errors  in  early  work  due  to  re- 
liance upon  electrical  measurements  or  due  to  inadequate  knowledge  of  the 
specimen  composition  have  now  been  largely  corrected.  Most  of  the  com- 
pounds of  Groups  4,  5,  and  6 transition  metals  with  boron,  carbon,  nitrogen, 
oxygen,  silicon,  and  germanium  have  been  tested  for  superconductivity  down 
to  about  1°K,  but  even  here,  as  the  detailed  phase  diagrams  (which  are  lacking 
in  most  cases)  become  available,  a few  new  compounds  will  probably  re- 
main to  be  tested.  Attention  should  be  drawn  to  the  fact  that  the  fraction 
of  superconducting  compounds  in  our  tables  is  roughly  the  same  as  the 
fraction  of  known  superconducting  elements,  that  is,  about  one-fourth  of 
the  total. 

The  superconducting  compounds  now  outnumber  the  superconducting 
elements  (21),  and  offer  a greater  diversity  of  structures  than  heretofore. 

The  most  common  structure  for  such  compounds  is  still  the  cubic  NaCl 
type  (5  normal,  NbC,  NbN,  TiN,  ZrN,  VN,  and  3 distorted,  Nb4N3,  MooN, 

W2N),  but  the  cubic  ft  -tungsten  type  (V3Si,  V3Ge,  Mo3Si,  and  Mo3Ge)  and 
the  hexagonal  structure  based  upon  a close-packed  array  of  metal  atoms 
with  non-metal  atoms  in  the  interstices  (Nb2C,  Ta2C,  M02C,  W2C,  and  very 
distorted  NbB)  have  recently  come  into  prominence.  There  are  also  at 
least  ten  other  important  superconducting  structure  types,  ranging  in  sym- 
metry from  the  cubic  fluorite  type^®  (CoSi2)  through  the  tetragonal  CUAI2 
type  (the  hemiborides),  the  tetragonal  OC  “ThSi2  type,  the  hexagonal  NiAs 
type®®  to  the  orthorhombic  MnP  and  monoclinic  PdBi  types.®®  There  are 
several  unknown  structures,  including  for  example  W3Si2;  this  compound 
is  probably  closely  related  to  its  cubic  neighbor  Mo3Si. 

It  was  remarked  in  a previous  paper®  that  superconducting  transition 
temperatures  of  both  cubic  elements  and  compounds  tend  to  be  higher  than 
those  for  hexagonal  elements  and  compounds.  This  tendency  seems  to  have 
been  confirmed  in  the  present  work,  in  view  of  the  rather  high  transition 
points  of  the  (3  -tungsten  structure  vanadium  compounds  and  the  cubic 
mononitrides,  in  contrast  to  the  absence  of  superconductivity  in  the  hexag- 
onal heminitrides  and  the  low  transition  points  of  the  hexagonal  hemicar- 
bides.  It  must  be  admitted,  however,  that  the  normal  behavior  of  most  of 
the  cubic  monocarbides  forms  an  exception  to  the  above  hypothesis. 

As  regards  the  positions  of  the  superconducting  compounds  in  the  peri- 
odic system,  if  one  excludes  the  thorium  disilicides.  Tables  I and  V seem 
to  indicate  a diagonal  character  in  the  arrangement,  that  is,  a displacement 
to  the  right  (higher  Group  number)  as  one  proceeds  down  a column  of  the 
table.  This  is  due  to  the  persistent  failure  of  either  hafnium  or  chromium 
to  form  superconducting  compounds;  the  fact  that  fourteen  chromium  com- 
pounds remain  normal  down  to  1.28®K  may  be  partly  due  to  the  magnetic  in- 
fluence of  the  incomplete  chromium  d-shell.  One  may  contrast  with  this  the 
extensive  formation  of  superconducting  compounds  by  the  other  Group  6A 
metals,  molybdenum  and  tungsten,  which  apparently  come  close  to  possess- 
ing the  requisite  electronic  structure  for  superconductivity. 

Recently  certain  theoretical  relationships  have  been  established^ 
between  the  occurrence  of  superconductivity  in  a metal  and  the  normal  prop- 
erties of  the  metal,  in  particular  the  "ideal”  electrical  resistivity  at  room 
temperature.  While  in  their  present  form  these  relations  seem  to  be  main- 
ly applicable  to  metals  of  rather  simple  outer  electronic  structure,  never- 
theless it  would  be  interesting  to  test  their  validity  for  a few  of  the  approx- 
imately one  hundred  compounds  listed  in  our  tables.  In  particular,  the  add- 
ed complication  of  differences  of  crystal  structure,  which  are  not  taken  in- 
to account  in  the  above  fr ee-electron  theories,  might  be  removed  by  work- 
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ing  with  an  isostructural  group  such  as  the  NaCl  structure  monocarbides, 
mononitrides,  and  monoxides  with  many  superconducting  and  normal  mem- 
bers. Unfortunately,  however,  little  accurate  information  is  available  on 
the  normal  properties  of  most  of  these  compounds,  chiefly  owing  to  the  dif- 
ficulty of  preparing  them  in  stoichiometric,  homogeneous,  solid  form.  Var- 
ious estimates^  of  the  room-temperature  electrical  resistivities  of  the  car- 
bides and  nitrides,  for  example,  differ  by  more  than  an  order  of  magnitude 
in  some  cases,  and  since  hardly  any  low  temperature  data  are  available,  it 
is  impossible  to  derive  accurate  values  of  the  "ideal"  resistivity.  If  the 
most  recently  obtained  resistivity  values  are  assumed  to  be  correct,  the  ni- 
trides, which  include  most  of  the  superconductors  of  NaCl  structure,  seem 
to  have  resistivities  predominantly  lower  than  those  of  the  carbides  and 
monoxides,  but  beyond  this  little  can  be  said. 

A more  systematic  investigation  of  the  normal  electronic  properties 
of  transition  metal  compounds  is  clearly  desirable,  not  only  for  the  light 
which  may  be  thi'own  on  their  superconducting  behavior,  but  also  for  the 
intrinsic  interest  of  the  chemical  binding  in  these  compounds.  Whereas 
many  are  known  to  have  metallic  character,  a few  semiconductors,  such  as 
titanium  monoxide,  have  also  been  reported;  thus,  solid  solutions  of  TiC  or 
TiN  with  TiO  may  provide  a continuous  transition  from  metallic  to  semi- 
conducting properties  in  the  same,  relatively  simple  lattice.  A similar,  but 
less  smooth,  transition  may  occur  with  increasing  non-metal  content  in  the 
borides  and  silicides,  since  during  this  increase  each  boron  or  silicon  atom 
tends  to  form  step  by  step  a greater  number  of  linkages  with  its  boron  or 
silicon  neighbors.  Experiments  to  check  these  hypotheses  through  the  de- 
tailed study  of  electrical  properties  are  now  in  progress. 

We  are  grateful  to  Professors  E.  A.  Long  and  W.  H.  Zachariasen  for 
helpful  discussions;  to  Dr.  W.  Rostoker  (Illinois  Institute  of  Technology) 
for  the  loan  of  TiO  specimens;  to  Mr.  A.  Moskowitz  and  Mrs.  A.  R.  Tomp- 
kins for  carrying  out  vacuum  fusion  and  spectrographic  analyses,  respec- 
tively; to  Mr.  E.  Selmanoff  for  metallurgical  assistance;  and  to  Mr.  R. 

Szara  for  liquefying  helium.  Part  of  the  work  was  carried  out  during  ten- 
ure by  one  of  us  (G.F.H.)  of  a U.  S.  Rubber  Company  Fellowship  at  the  Uni- 
versity of  Chicago. 
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POLARIZATION  EFFECTS  IN  THE  IONIC  CONDUCTIVITY 
OF  SILVER  BROMIDE 


Robert  J.  Friauf 

(Submitted  to  The  Journal  of  Chemical  Physics) 

I.  Introduction 

The  purpose  of  the  experiments  to  be  described  has  been  to  study  the 
ionic  defects  which  occur  in  AgBr.  In  order  to  facilitate  the  description  of 
the  experiments  and  the  accompanying  theory,  it  will  be  convenient  to  sum- 
marize the  current  state  of  information  about  the  defects  in  AgBr. 

It  is  well  known  that  AgBr  has  an  appreciable  ionic  conductivity  at  ele- 
vated temperatures.  ^ <2  Recent  investigations  of  the  conductivity  of  pure 
AgBr  and  of  AgBr  to  which  small  amounts  of  divalent  impurities  such  as 
cadmium  have  been  added  indicate  that  the  conductivity  can  be  adequately 
described,  at  least  for  temperatures  below  300°  C,  by  assuming  that  Frenkel 
defects  exist  for  the  silver  ions.^*'^  An  analysis  of  the  measurements  yields 
values  for  the  equilibrium  concentration  of  defects  and  for  the  mobilities  of 
each  of  the  two  types  of  charge  carriers— inter stitial  silver  ions  and  silver 
ion  vacancies. 

A number  of  other  properties  of  AgBr,  however,  have  led  many  inves- 
tigators to  suggest  that  at  least  some  Schottky  defects— bromide  as  well  as 
silver  ion  vacancies  — must  also  exist.  There  is  an  anomalous  increase  in 
the  conductivity  at  temperatures  near  the  melting  point  (422°C),  and  Kurnick 
has  tentatively  ascribed  this  behavior  to  the  presence  of  an  appreciable  num- 
ber of  Schottky  defects.'^  The  explanation  is  reasonably  consistent  with  ob- 
served anomalous  increases  in  thermal  expansion^  and  specific  heat,®>^  but 
it  must  be  realized  that  the  evidence  is  not  very  conclusive  in  any  of  these 
cases  because  of  the  necessity  of  extrapolating  "normal"  quantities  to  high 
temperatures.  There  is  also  a contention  that  the  thermal  expansion  can 
be  related  to  the  lattice  expansion  as  determined  by  high  temperature  X- 
ray  measurements,®  but  the  interpretation  of  the  X-ray  measurements  may 
be  incorrect.®  Several  writers  have  concluded  from  studies  of  the  absorp- 
tion spectrum  of  AgBr  with  small  amounts  of  Ag2S  that  Schottky  defects 
must  be  present  to  a lesser  or  greater  extent, but  the  interpretation 
of  these  experiments  is  rather  modelistic  in  nature.  Finally  there  are  scat- 
tered reports  of  diffusion  of  bromine  in  AgBr,  but  the  high  temperature  ex- 
periments were  conducted  at  only  one  temperature, and  the  interpretation 
of  the  results  obtained  at  room  temperature^®*^^  has  been  disputed  because 
of  the  small  size  of  the  particles  involved.^®  In  conclusion  it  may  be  said 
that  the  presence  of  some  Schottky  defects  is  suggested  by  many  experiments 
but  has  not  been  definitely  proved  by  any. 

In  view  of  this  situation  it  was  thought  that  a study  of  the  polarization 
effects  associated  with  the  ionic  conductivity  might  lead  to  further  informa- 
tion about  the  possible  presence  of  some  Schottky  defects.  The  polarization 
effects  appear  experimentally  in  the  following  way.  When  an  alternating 
voltage  is  applied  to  a sample  of  AgBr  with  silver  electrodes,  the  electrical 
behavior  of  the  sample  is  not  equivalent  to  that  of  an  ideal  resistance.  Rath- 
er there  is  a capacitive  component  in  the  current  flowing  through  the  sample. 
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and  the  resistance  also  varies  with  the  frequency  of  the  applied  voltage.  It 
is  these  deviations  from  the  behavior  as  an  ideal  resistance  that  form  the 
object  of  interest  for  these  investigations. 

A qualitative  explanation  of  these  anomalies  may  be  given  as  follows. 
Imagine  the  ionic  defects  to  be  mobile  charge  carriers  moving  in  a contin- 
uous medium.  When  an  a.c.  voltage  is  applied  to  the  sample,  the  charge 
carriers  in  the  interior  will  move  back  and  forth  in  phase  with  the  applied 
voltage  and  thus  contribute  to  the  ordinary  bulk  conductivity  of  the  sample. 
When  the  charge  carriers  arrive  at  the  electrodes,  however,  some  of  them 
may  not  be  able  to  carry  their  charge  out  of  the  sample.  In  this  case  the 
charge  carriers  will  pile  up  at  the  electrodes  and  thus  produce  a capacitive 
effect.  The  electric  field  produced  by  the  piled-up  charges  will  also  hinder 
the  approach  of  additional  charge  carriers  and  hence  tend  to  increase  the 
resistance.  On  the  basis  of  this  picture  it  is  to  be  expected  that  the  anom- 
alous effects  will  be  larger  at  low  frequencies,  and  this  behavior  is  observed. 

Since  it  seems  probable  that  bromine  ion  vacancies,  if  any  are  present 
in  AgBr,  would  be  more  likely  to  pile  up  at  silver  electrodes  than  either  sil- 
ver ion  vacancies  or  interstitial  silver  ions,  it  was  originally  hoped  that  the 
anomalous  impedance  effects  observed  in  AgBr  with  silver  electrodes  could 
be  ascribed  to  bromine  ion  vacancies.  In  this  case  a study  of  the  anomalous 
effects  would  provide  information  about  the  Schottky  defects  in  AgBr.  An 
analysis  of  the  theory  corresponding  to  the  picture  above,  however,  indicates 
that  the  Frenkel  defects  are  principally  responsible  for  these  effects,  as 
they  are  for  the  ionic  conductivity  itself. 

In  Sections  II  and  III  the  experimental  procedure  and  results  are  de- 
scribed. In  Section  IV  a theory  is  developed  on  the  basis  of  the  qualitative 
picture  presented  above,  and  in  Section  V the  results  of  the  theory  are  com- 
pared to  the  experimental  results. 

II.  F '^perimental  Procedure 

For  some  of  the  early  work  powdered  AgBr  prepared  by  Goldsmith 
Bros.  Smelting  and  Refining  Co.,  Chicago,  was  used.  When  later  batches  of 
this  material  appeared  to  contain  an  excessive  amount  of  impurity,  AgBr 
was  prepared  by  precipitation  from  AgN03  and  HBr  (48%)  obtained  from 
Mallinckrodt  Chemical  Works.  From  all  indications  the  material  so  pre- 
pared contains  no  more  than  one  part  in  10^  of  harmful  impurities.  A spec- 
troscopic analysis  shows  traces  of  this  order  of  magnitude  of  several  di- 
valent metal  impurities,  and  visual  inspection  shows  no  signs  of  sulfur.  (As 
little  as  0.0002  mole  per  cent  of  Ag2S  can  be  detected.)  The  HBr  is  specified 
to  contain  no  more  than  0.05%  chloride  and  0.003%  iodide,  but  these  impuri- 
ties do  not  cause  any  serious  effect.  The  primary  effect  of  impurities  for 
the  purposes  of  this  experiment  is  to  cause  the  equilibrium  number  of  de- 
fects to  be  different  from  that  for  the  pure  substance;  it  is  to  be  expected 
and  has  been  verified  that  the  polyvalent  impurities  produce  a much  larger 
effect  in  this  respect  than  the  monovalent  impurities. Since  the  equilib- 
rium concentration  of  defects  is  of  the  order  of  one  part  in  10^  at  room 
temperature,  a larger  concentration  of  divalent  impurities  would  cause  a 
noticeable  effect  in  the  room  temperature  conductivity;  a comparison  of  the 
observed  conductivity  to  the  value  extrapolated  from  the  data  of  Kurnick'^ 
indicates  that  the  polyvalent  impurities  do  not  exceed  the  amount  detected 
by  the  spectroscopic  analysis. 

Single  crystals  were  grown  by  wiihdirtwing  from  the  melt  at  a rate  of 
two  inches  per  hour  (Czochralski  method).  These  were  machined  in  a lathe 
to  cylinders  about  3/8  in.  in  diameter  and  1/4  in.  long;  several  thousandths 
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of  an  inch  was  then  removed  by  etching  in  a sodium  thiosulfate  solution, 
and  the  samples  were  annealed  at  390°  C for  about  20  hours.  Since  AgBr 
is  cubic  and  therefore  electrically  isotropic,  no  special  attention  was  paid 
to  the  orientation  of  the  crystals.  For  some  samples  several  small  grains 
were  visible  on  each  end;  these  were  not  considered  serious  because  in  no 
case  did  a grain  extend  the  entire  length  of  the  sample.  The  samples  dark- 
ened somewhat  during  handling  because  of  the  photolytic  action  of  the  light, 
but  most  of  the  darkening  could  be  annealed  out,  and  at  no  time  were  any  ef- 
fects detected  that  could  be  ascribed  to  a variable  amount  of  darkening. 

Polycrystalline  samples  were  employed  for  the  earlier  work.  These 
were  produced  by  pouring  molten  AgBr  into  a pellet  die  and  then  subjecting 
the  AgBr  to  a pressure  of  10,000  atm.;  the  average  grain  size  was  of  the 
order  of  1 mm.  There  is  some  difference,  but  no  tremendous  amount,  be- 
tween the  measurements  on  the  polycrystal) ine  and  single  crystal  samples. 

Electrodes  of  silver  and  of  gold  were  applied  to  the  samples  by  evap- 
oration of  the  metals  in  a vacuum.  For  the  silver  electrodes  DuPont  silver 
paint  was  applied  on  top  of  the  evaporated  silver  film,  and  this  coating  was 
backed  up  by  solid  silver.  For  the  gold  electrodes  no  gold  paint  was  avail- 
able, and  consequently  gold  foil  was  held  directly  against  the  evaporated 
gold  film  during  measurements.  In  some  cases  the  samples  were  re-an- 
nealed after  the  electrodes  had  been  applied;  this  treatment  affects  the  mag- 
nitude of  the  polarization  effects  somewhat. 

The  furnace  is  rather  massive  in  order  to  reduce  temperature  gradi- 
ents and  temperature  fluctuations  in  time.  The  temperature  gradient  at  the 
position  of  the  samples  is  less  than  0.5°  Cl  in,  up  to  340°  C,  and  the  ordi- 
nary drift  of  temperature  at  a fixed  control  temperature  is  of  the  order  of 
0.4°  C in  a cycle  of  about  a one  hour  period.  A larger  drift  cannot  be  tol- 
erated because  a change  of  0.005°  C is  quite  noticeable  in  the  resistive  part 
of  the  bridge  balance.  Temperature  is  controlled  with  a proportioning  tem- 
perature controller.  Thermocouples  are  made  from  standard  Chromel  P 
and  Alumel  thermocouple  wire,  and  although  they  have  not  been  calibrated, 
it  is  believed  that  the  temperature  measurements  are  correct  within  0.5° 

C.  Whenever  a direct  comparison  has  been  made  between  two  such  thermo- 
couples, the  agreement  is  within  0.1°  C,  and  the  measured  conductivity 
agrees  with  that  reported  by  Kurnick'^  within  1.5%,  which  corresponds  to 
about  0.5°  C. 

The  samples  are  mounted  with  solid  pieces  of  silver  or  gold  held 
against  them  by  a light  spring  pressure  of  about  5 gm/mm^.  Four  samples 
can  be  mounted  simultaneously  with  a separate  thermocouple  placed  about 
1 mm  from  each.  The  sample  holder  is  especially  designed  so  that  the  lead 
wires  contain  no  screw  contacts  in  the  high  temperature  region;  in  this  way 
any  possible  copper  oxide  rectifying  effects  are  avoided.  A few  measure- 
ments have  been  made  at  high  pressure  using  the  arrangement  described 
by  Kurnick.'^  In  this  case  the  electrical  leads  from  the  sample  do  contain 
some  screw  contacts  at  high  temperature,  but  there  does  not  seem  to  be 
any  especially  noticeable  effect  because  of  this. 

The  a.c.  impedance  measurements  are  made  with  a General  Radio 
Type  716-C  capacitance  bridge  as  shown  in  Figs.  1 and  2.  The  frequency 
of  the  Hewlett-Packard  Model  200  D audio  oscillator  has  been  checked  fre- 
quently against  the  60  cycle  line  frequency  and  is  constant  within  1.5%.  The 
tuned  amplifiei'  has  both  positive  and  negative  feedback  through  RC  coupling 
and  is  tuned  by  means  of  a variable  condenser.  It  is  necessary  to  have  good 
frequency  selectivity  in  the  detecting  device  in  order  to  remove  60  cycle 
pick-up  and  to  discriminate  against  a small  amount  of  second  harmonic 
which  is  present  because  the  sample  is  a non-linear  circuit  element.  The 
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Fig.  1.  Schematic  diagram  of  the  measuring  circuit. 


Fig.  2.  Circuit  diagram  of  the  bridge. 

output  of  the  amplifier  is  applied  to  the  vertical  plates  of  the  oscilloscope, 
and  the  bridge  is  balanced  by  reducing  the  ellipsoidal  Lissajous  figure 
which  appears  on  the  screen  to  a horizontal  straight  line. 

The  capacitance  bridge  is  especially  suitable  for  the  measurements 
since  the  generator,  detector,  and  sample  can  all  be  grounded  and  since  the 
wiring  capacities  are  carefully  balanced  out  in  the  two  fixed  arms.  The 
bridge  is  used  as  an  equal  arm  bi'idge  with  = Rq  = 200  ohms  and  = 

Cb  = 205  ^^f;  then  Ry  = Re-  + Cn  = Ce-  The  values  chosen  for 

the  fixed  arms  give  the  smallest  values  of  Ra^A  " obtainable  with 

the  settings  available  on  the  bridge;  the  effect  of  a small  difference  be- 
tween Ca  and  Cg  on  the  accuracy  of  the  measurement  of  Cy  is  minimized 
by  this  choice.  The  final  adjustment  to  assure  that  Ra^a  ” Rb^B  niade 
by  balancing  the  bridge  with  combinations  of  known  resistances  and  capaci- 
tances. Any  difference  in  the  parallel  capacity  present  in  the  two  resist- 
ance boxes  can  be  eliminated  by  interchanging  the  resistance  boxes  and  re- 
balancing. It  is  convenient,  both  in  making  the  electrical  measurements 
and  in  presenting  the  results  of  the  theory,  to  represent  the  impedance  of 
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the  sample  at  any  given  frequency  by  an  equivalent  parallel  resistance  and 
capacity  as  is  indicated  in  Fig.  2.  In  general  both  parameters  of  this  equiv- 
alent circuit  will  depend  on  frequency. 

Unfortunately  for  the  study  of  polarization  effects  the  ionic  conductivity 
of  AgBr  is  rather  large.  This  means  that  in  most  circumstances  the  polar- 
ization effects  are  fairly  small  compared  to  the  normal  bulk  conductivity; 
from  the  viewpoint  of  the  electrical  measurements  the  phase  angles  encoun- 
tered range  from  1 to  10"^  radians  compared  to  a pure  resistance.  The 
measurement  of  such  small  phase  angles  in  the  presence  of  a low  resist- 
ance is  a rather  unusual  situation  in  the  use  of  an  a.c.  impedance  bridge, 
and  considerable  care  must  be  taken  to  avoid  spurious  effects.  For  one 
thing  the  resistance  standard  Rg,  which  is  a General  Radio  Type  602- M re- 
sistance box,  contains  a small  parallel  capacity  of  the  order  of  10  to  40  /y-'-f 
according  to  the  General  Radio  specifications.  Corrections  have  been  made 
for  this  according  to  the  average  values  given  in  the  specifications. 

A more  serious  effect  occurs  at  low  resistances  because  of  small  in- 
ductances in  the  resistance  box  and  in  the  lead  wires  to  the  sample.  The 
specifications  for  the  resistance  box  give  an  inductance  of  approximately 
.3  ^h  for  R = 100  ohms,  and  a simple  calculation  for  two  No.  20  gauge  wires 
100  cm  long  and  1 cm  apart  gives  an  inductance  of  approximately  1 |4.h.  In 
both  cases  the  primary  effect  of  the  residual  inductance  is  to  introduce  a 
negative  effective  capacity  AC  = - L/R^.  For  R = 100  ohms  and  L = 1 ^h, 
AC=  lOOftfif;  for  R = 10  ohms,  AC  = .01  fif.  Effects  of  this  order  of  magni- 
tude have  been  observed  during  checks  of  the  bridge  with  known  R and  C 
combinations.  Because  of  this  effect  it  is  not  possible  to  obtain  reliable 
capacity  measurements  when  the  resistance  is  less  than  100  ohms. 

There  is  a certain  amount  of  leakage  resistance  and  capacity  between 
the  high  leads  and  ground,  especially  in  the  sample  holder;  this  is  usually 
about  10  megohms  and  50  in  parallel  at  room  temperature.  The  leak- 

age resistance  is  unimportant  because  the  resistance  of  the  samples  at  ele- 
vated temperatures  is  always  less  than  2000  ohms.  The  zero  capacity  has 
been  measured  at  room  temperature  and  subtracted  from  the  observed  re- 
sults; a check  at  230°  C shows  that  at  the  higher  frequencies  where  the  cor- 
rection is  important  (1000  and  5000  cps)  the  zero  capacity  is  not  changed  by 
more  than  10  M-M-f-  I'he  capacity  between  the  different  high  leads  when  more 
than  one  sample  is  mounted  can  be  shown  by  an  experimental  check  to  be 
less  than  1 y^^f. 

The  dimensions  of  the  samples  have  been  chosen  so  as  to  avoid  as  far 
as  possible  the  difficulties  described  above.  Because  of  the  uncertain  ties 
in  the  zero  capacity  of  the  sample  holder  and  in  the  capacity  of  the  resist- 
ance box,  values  of  capacity  below  100  ^yxf  are  unrealiable;  and  because  of 
the  effect  of  the  residual  inductance,  the  resistance  of  the  sample  cannot  be 
much  less  than  100  ohms.  The  size  choseii  makes  the  capacity  at  210°  and 
1000  cps  about  100  f and  the  resistance  at  280°  about  100  ohms.  Within 
these  limits  the  error  of  the  capacity  measurements  is  less  than  1.5%  or 
10  f,  whichever  is  larger;  the  resistance  measurements  are  much  more 
accurate.  All  in  all  the  accuracy  of  the  electrical  measurements  is  suffi- 
ciently good  so  that  other  effects  to  be  described  later  contribute  the  prin- 
ciple uncertainty  in  the  experimental  results. 

For  making  d.c.  measurements  of  the  resistance  the  voltage  drop  over 
a standard  1 ohm  resistor  connected  in  series  with  the  sample  is  measured 
with  a Leeds  and  Northrup  Type  K potentiometer.  The  voltage  applied  to  the 
sample  and  standard  resistor  is  checked  frequently  by  substituting  a resist- 
ance box  for  the  sample. 
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III.  Experimental  Results 


General 

Alternating  current  impedance  measurements  have  been  made  on  sin- 
gle crystals  of  pure  AgBr  with  silver  and  with  gold  electrodes  at  frequen- 
cies from  50  to  5000  cps  and  at  temperatures  between  200°  and  280°  C. 
There  has  been  some  investigation  of  the  effect  of  varying  the  applied  volt- 
age, and  several  measurements  have  been  made  of  the  d.c.  resistance.  A 
few  measurements  have  been  made  with  high  pressure  applied  to  polycrys- 
talline samples,  and  measurements  have  also  been  made  on  samples  of 
AgBr  containing  a small  amount  of  CdBr2- 

A summary  of  the  results  obtained  for  a number  of  samples  is  present- 
ed in  Table  I.  The  values  of  T = 253°  C and  f = 200  cps  have  been  chosen 
as  reference  points  because  they  represent  convenient  middle  points  in  the 
temperature  and  frequency  ranges.  When  log  C is  plotted  against  log  f,  ap- 
proximate straight  lines  are  obtained  (Figs.  5 and  6).  Hence  the  frequen- 
cy dependence  of  C can  be  represented  by  a formula  of  the  type  C = 
const/f°;  the  magnitude  of  n is  given  as  the  frequency  slope.  Figures  en- 
closed in  parentheses  are  considered  to  be  less  reliable  because  of  scatter 
in  the  experimental  points  for  the  particular  curve  or,  especially  for  the 
temperature  slopes,  because  of  the  changes  in  the  condition  of  the  electrodes 
with  time  which  are  described  below. 


T,°C 


Fig.  3.  Capacity  as  a function  of  tempera- 
ture for  No.  6a  (silver  electrodes). 
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TABLE  I 

Summary  of  Results 


Sample 

Material 

(a) 

Struc- 

ture 

(b) 

Elec- 

trodes 

Anneal 

(c) 

1 

(cm) 

A 

(cm^) 

(T 

(ohm 
-cm)”  ^ 
T=253°C 

5b 

M 

S 

Ag 

WO 

.592 

.709 

.00465 

[H 

6a 

M 

S 

Ag 

WO 

.570 

.711 

18.0 

5b 

M 

S 

Ag 

W 1 

.592 

.709 

.00462 

17.9  1 

6a 

M 

S 

Ag 

w 

.570 

.711 

.00451 

17.9 

5b 

M 

S 

Ag 

w 

.592 

1 

.709 

17.9 

6a 

M_ 

S 

. Ag_  _ 

w 

^570_ 

.7  11 

.00451 

17.9  _ 

3a 

M 

S 

Ag 

wo 

.585 

.7  10  1 

.00459 

17.9 

3b 

M 

S 

Ag 

wo 

.597 

.650  ; 

.00460 

17.6 

3a 

M 

s 

Ag 

w 

.585 

.710 

.00454 

17.9 

_ _ 

_ 

^ Ag_  ^ 

_w_ 

_.597__ 

^650_ 

.00465 

17.8 

5a 

M 

S 

Au 

wo 

.661 

.709 

.00452 

17.9  i 

6b 

M 

S 

Au 

wo 

.674 

.705 

.00443 

17.7  ' 

20 

G 

p 

Ag 

w 

1.224 

.696 

.00419 

1 

17.6 

21 

G 

p 

Ag 

w 

1.277 

.697 

.00435 

17.6 

22 

G 

p 

Ag 

w 

1.243 

.691 

.00418 

17.8  ■ 

1 

23 

G 

p 

Ag 

w 

.632 

.701 

.00442 

17.6 

26 

G 

p 

Ag 

w 

.634 

.695 

.00419 

17.6  , 

_ JL  _ 

_ _G_  _ 

_p 

. Ag.  _ 

w 

.624 

.693 

.00395 

17.6  j 

1 

28 

D 

p 

Ag 

w 

1 .696 

.696 

.00378 

1 

18.0 

_ 2^  _ 

p_ 

p 

1 

- Ag_  _ 

w 

1 .688 

.697 

.00340 

17.6 

14 

G 

p 

Ag 

w 

1.245 

.712 

.00526 

18.7 

15 

G 

p 

Ag 

w 

.506 

.706 

.00520 

18.6 

Ja)  Material 

M AgBr  precipitated  from  Mailinckrodt  chemicals 
G AgBr  obtained  from  Goldsmith  Bros. 

D AgBr  from  Goldsmith  with  0.1%  (molar)  CdBr2  added 
(b)  Structure  (c)  Anneal 

S Single  crystal  W With  electrodes 

P Polycrystalline  WO  Without  electrodes 
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TABLE  I (Continued) 


Sample 

( /X  f/cm^ ) 
T^253C»c 
f=200  cps 

W (C) 

(k  cal/ mole) 

f slope 
(T  as  shown) 

50  cps 

241° 

267° 

5b 

.02-. 003 

(29.5) 

(31.5) 

1 

1 

(1.55) 

(1.40) 

6a 

.03-. 005 

(25.6) 

(26.0) 

! 

(1.62) 

(1.33) 

211° 

270° 

5b 

.038 

29.3 

29.8 

31.7  i 

1.76 

1.72 

6a 

.048 

29.5 

30.5 

1.79 

1.71 

1 

1 

223° 

241° 

271°  1 

5b 

.02-. 006 

(d) 

(d) 

(d) 

(1.46) 

(1.50) 

6a  j 

.031 

29.1 

30.0 

32.0  j 

1.70 

1.67 

1.61  1 

223» 

241° 

271°  i 

3a 

.02-. 008  ' 

(26.7) 

(27.0) 

(25.5) 

1.46 

1.40 

1.46 

1 3b 

.01-. 006 

(24.0) 

(25.2) 

(26.7)  1 

1.50 

1.46 

1.42 

1 

219° 

244° 

266° 

— 

3a 

.023 

(28.2) 

(27.5) 

(25.4)  ' 

1.50 

1.48 

1.60 

3b 

.017 

L(2  9.3)_ 

_ L27_.82 

- (21.-2)  ^ 

1.61 

_ 

1.70 

1 

219° 

244° 

266° 

5a 

.21 

30.0 

29.8 

29.6 

1.62 

1.68 

1.66 

6b 

.17 

29.4 

29.8 

29.4 

1 1.60 

1.63 

1.60 

■■■ 

i 210° 

267° 

20 

20.0 

20.9 

21.8 

1.35 

1.38 

2 1 

(21.9) 

(23.6) 

(26.1) 

1.49 

1.37 

22 

(15.8) 

(16.9) 

(20.4) 

1.52 

1.28 

210° 

267° 

23 

(19.6) 

21.4 

23.3 

I 1.33 

1.29 

26 

16.5 

17.8 

I 1.43 

1.36 

27 

17.8 

20.0 

1.36 

1.33 

— — — — 

— — — — 

_ _ — — 

210° 

267° 

.12 

20.6 

24.9 

26.1 

1.48 

1.37 

.17 

15.5 

19.9 

21,2 

1.36 

1.29 

292° 

.0024 

20.4 

18.0 

20.3 

mM 

■9 

1.51 

.028 

19.5 

20.6 

21.8 

■IB 

1.37 

Td)  A d.c.  voltage  was  applied  to  this  sample  a number  of  times. 


99 


200  260  240  220  200 


iooo/t 


Fig.  4.  Capacity  as  a function  of  tempera- 
ture for  No.  6b  (gold  electrodes). 

Temperature  Dependence 

When  the  resistance  is  measured  at  sufficiently  high  frequencies  so 
that  the  small  influence  of  the  polarization  effects  on  the  resistance  is  neg- 
ligible (see  below),  the  resistance  is  a single  valued  function  of  the  temper- 
ature. The  conductivity  values  for  the  single  crystal  samples  in  Table  I 
agree  quite  well  with  the  values  obtained  from  a plot  of  Kurnick's  results, 

<r  = .00460  (ohm  - cm)”^  at  T = 253°  C and  W = 18.2  k cal/mole.  The  larg- 
er discrepancies  for  the  polycrystalline  samples  are  due  to  errors  in  the 
geometrical  factors,  especially  the  area,  in  <r  - L/RA. 

Figs.  3 and  4 show  the  measured  capacity  for  two  typical  samples;  this 
is  the  equivalent  parallel  capacity  as  in  Fig.  2.  The  vertical  lines  extend- 
ing upwards  from  the  capacity  points  at  1000  and  5000  cps  in  these  and  oth- 
er capacity  graphs  represent  the  possible  correction  necessitated  because 
of  the  previously  described  effects  of  residual  inductances  in  the  wiring. 

For  each  measurement  the  voltage  applied  to  the  sample  is  set  at  O.lt  0.002 
volts  rms.  For  each  sample  a sequence  of  measurements  at  different  tem- 
peratures is  obtained  by  heating  the  sample  from  room  temperature  to  about 
200°  C,  increasing  the  temperature  in  steps  of  about  40°  C to  280°  C,  and 
finally  decreasing  the  temperature  by  similar  steps  back  to  200°  C.  Because 
of  the  necessity  of  waiting  for  good  temperature  equilibrium  at  least  two 
hours  elapses  between  the  measurements  at  two  successive  temperatures. 

The  most  striking  feature  of  the  curves  is  that  the  actual  value  of  the 
capacity  is  not  a unique  function  of  the  temperature,  but  rather,  for  a given 
temperature  and  frequency,  tends  to  decrease  in  the  course  of  time.  This 
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behavior,  along  with  a similar  variation  in  magnitude  of  capacity  between 
different  samples  with  supposedly  identical  electrodes,  appears  to  be  char- 
acteristic of  the  system  under  observation,  namely,  AgBr  with  evaporated 
metal  electrodes;  it  is  believed  that  the  change  of  capacity  is  related  to 
changes  in  the  precise  conditions  of  the  electrodes.  A change  of  capacity, 
usually  a decrease,  of  the  same  order  of  magnitude  as  those  shown  in  Figs. 

3 and  4 is  also  often  observed  after  a small  direct  current  (causing  a total 
charge  flow  of  about  one  coulomb)  has  passed  through  the  sample. 

It  should  also  be  mentioned  that  the  treatment  of  the  samples  after  the 
electrodes  have  been  applied  has  some  influence  on  the  magnitude  of  the  ob- 
served capacity.  The  sample  with  silver  electrodes  shown  in  Fig.  3 (No.  6a) 
was  annealed  at  390°  C after  the  electrodes  were  applied;  for  all  samples 
treated  in  this  way  the  magnitudes  of  the  capacity  agree  within  about  a fac- 
tor of  two  (see  Table  I).  For  samples  which  are  not  annealed  after  the  elec- 
trodes are  applied,  however,  the  magnitudes  of  the  capacity  are  less  by  as 
much  as  a factor  ten,  and  the  changes  in  time  are  considerably  larger  than 
those  in  Fig.  3.  Again  it  appears  as  if  there  is  a change  in  the  condition  of 
the  electrodes,  and  observation  of  the  electrodes  after  annealing  shows  two 
noticeable  effects:  (a)  Since  there  is  no  spring  pressure  acting  on  the  elec- 
trodes during  annealing,  the  silver  paint  has  a tendency  to  pull  together  cre- 
ating ridges  and  thin  spots,  (b)  There  is  also  a reddish  coloration  of  the 
AgBr  to  a distance  of  about  1 mm  from  the  electrodes. 

A certain  amount  of  non-reproducibility  of  results  is  not  unusual  in  con- 
nection with  polarization  effects.  The  encouraging  feature  of  the  results 
presented  here  is  that  the  dependence  of  the  capacity  on  the  temperature  and 
frequency  is  much  more  reproducible  than  the  actual  magnitude  is,  both  for 
different  observations  on  the  same  sample  and  for  different  samples.  The 
broken  curves  in  Fig.  3 show  a second  set  of  measurements  on  the  same 
sample  after  the  furnace  had  cooled  to  room  temperature  and  remained  there 
for  several  days.  It  is  seen  that  the  capacity  curves  fall  on  the  decreasing 
temperature  curves  of  the  preceding  set  of  measurements  at  the  lower  tem- 
peratures, that  there  is  some  additional  decrease  in  capacity  at  the  highest 
temperature,  and  that  the  slopes  of  the  decreasing  temperature  curves  are 
very  nearly  the  same  as  before.  It  appears  reasonable  to  assume,  there- 
fore, that  the  temperature  slopes  obtained  while  temperature  is  being  de- 
creased result  from  changes  in  the  density  and  mobilities  of  the  ;onic  charge 
carriers  in  AgBr  rather  than  from  changes  in  the  boundary  conditions.  The 
temperature  slopes  in  Table  I are  obtained  from  the  decreasing  temperature 
curves,  and  it  is  seen  that  there  is  good  agreement  of  both  the  temperature 
and  frequency  slopes  for  groups  of  similarly  prepared  samples. 

Frequency  Dependence 

The  frequency  dependence  of  the  observed  capacity  is  shown  in  Figs.  5 
and  6.  A complete  set  of  frequencies  is  covered  at  a fixed  temperature, 
starting  at  200  cps,  then  proceeding  from  50  to  5000  cps,  and  finally  check- 
ing at  200  cps.  The  possibility  of  a change  in  the  boundary  conditions  be- 
tween readings  at  different  frequencies  is  not  very  large  because  only  about 
fifteen  minutes  is  required  to  cover  the  frequency  range  compared  to  the 
two  hours  required  to  proceed  from  one  temperature  to  the  next.  Also  the 
values  of  the  first  and  last  readings  of  each  frequency  sequence  (at  200  cps) 
usually  agree  within  a few  per  cent. 

In  addition  to  the  piarallel  capacity  there  is  also  an  additional  resistance, 
which  is  largest  at  low  frequencies.  A rough  picture  of  the  frequency  depend- 
ence of  this  excess  resistance  is  shown  in  Figs.  7 and  8.  has  been  deter- 

mined as  AR(f)  = R(f)  - Rq.  where  Rq  is  the  normal  bulk  resistance  which  is 
observed  at  large  enough  frequencies— 5000  cps  for  silver  electrodes  and 
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Fi^.  7.  Excess  resistance  as  a function  of  fre- 
quency for  No,  3a  (silvtn-  electrodes). 


f (cps) 

Fig.  8.  Excess  resistance  as  a function  of  fre- 
quency for  No.  6b  (gold  electrodes). 
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20,000  cps  for  gold  electrodes.  The  individual  points,  especially  for  the 
sample  with  silver  electrodes,  are  quite  inaccurate  for  two  reasons.  In 
the  first  place  the  resistance  can  be  measured  only  to  0.1  ohm.  Secondly 
the  small  temperature  changes  which  inevitably  occur  during  a frequency 
sequence  cause  changes  in  the  total  resistance  amounting  at  times  to  sev- 
eral ohms.  The  individual  resistance  measurements  are  corrected  for 
these  changes  according  to  the  temperature  indicated  by  the  thermocouple 
near  each  sample;  usually  the  indicated  corrections  appear  to  explain  all 
of  the  variation  of  resistance  with  time  at  a given  frequency,  but  some- 
times there  are  additional  unexplainable  small  changes  of  resistance.  None- 
theless the  results  in  Figs.  7 and  8 do  seem  to  indicate  the  general  behavior. 

Dependence  on  Voltage,  Impurity  Content,  and  Pressure 

The  theory  to  be  developed  shows  that  m general  the  sample  is  a non- 
linear circuit  element.  Solutions  of  the  equations  are  obtained  only  by  in- 
troducing the  approximation  that  the  electric  field  is  weak;  the  approxima- 
tion is  good  if  eV/2kT  <?c  1,  where  V is  the  amplitude  of  the  a.c.  voltage  ap- 
plied to  the  sample.  Experimentally  it  has  been  observed  that  the  capacity 
values  do  approach  a limiting  value  as  the  applied  voltage  approaches  zero 
and  that  the  value  measured  at  0.1  volt  rms  is  within  2%  of  the  limiting  val- 
ue (Fig.  9).  Since  0.1  volt  is  the  smallest  voltage  which  permits  a fairly 


Fig.  9.  Variation  of  capacity  with  applied  voltage 
for  No.  3a  (silver  electrodes)  and  No.  6b  (gold 
electrodes)  at  T = 218°C  and  f = 200  cps. 

sensitive  bridge  balance,  this  voltage  is  used  for  all  measurements  as  pre- 
viously mentioned.  It  is  interesting  to  note  that  for  T = 300°  K and  V = 0.1 
volt  eV/2kT  ^ 1 and  that  it  is  at  this  vEilue  of  the  voltage  that  the  non-lin- 
earity appears  for  sample  No.  3a. 

Two  polycrystalline  samples  were  prepared  with  0.1  mole  per  cent 
CdBr2  added  to  the  melt.  The  results  in  Table  I show  that  the  general  be- 
havior is  not  greatly  altered  although  the  magnitude  of  the  capacity  is  some- 
what larger.  Since  there  is  only  about  0.001  mole  per  cent  of  impurity  in 
the  pure  AgBr,  these  results  indicate  that  the  effects  observed  for  the  pure 
AgBr  are  characteristic  of  the  ideally  pure  substance. 

Measurements  have  been  made  on  two  polycrystalline  samples  (No.  14 
and  No.  15)  subjected  to  hydrostatic  pressures  up  to  7500  atmospheres. 
Considerable  trouble  was  experienced  with  the  electrodes  of  these  samples, 
but  nonetheless  the  observed  temperature  and  frequency  slopes  at  atmos- 
pheric pressure  are  in  approximate  agreement  with  the  slopes  for  the  other 
polycrystalline  samples  (Table  I).  When  log  R and  log  C are  plotted  against 
pressure  P,  the  experimental  curves  are  approximately  straight  lines.  The 
slopes  of  such  curves  have  the  dimensions  of  a volume  per  mole  and  are  ex- 
pressed in  terms  of  cm^/mole  (Table  II).  The  resistance  slopes  agree  mod- 
erately well  with  the  ’^alue  of  11.0  cm^/mole  obtained  from  a plot  of  the 


104 


results  of  Kurnick'^  at  251°  C.  The  capacity  slopes  are,  just  as  is  the  case 
with  the  temperature  slopes,  slightly  larger  than  the  resistance  slopes. 

The  frequency  dependence  of  the  capacity  is  not  affected  much  by  pressure; 
in  some  cases  the  frequency  slope  is  smaller  by  up  to  10%  at  the  higher 
pressures. 


TABLE  II 


Variation  of  Resistance  and  Capacity  with  Pressure 
(Slopes  of  log  R and  log  C vs.  P are  expressed  in  cm^/mole.) 


Sample 

T °P 

V(R) 

50  cps 

200  cps 

1000  cps 

14 

210 

10.6 

1 1.7 

11.0 

245 

10.9 

13.3 

13.4 

• • • 

292 

11.1 

14.6 

13.8 

. . . 

15 

210 

10.6 

1 1.7 

12.7 

12.1 

245 

1 1.3 

12.7 

12.3 

1 1.0 

292 

11.4 

11.2 

10.2 

8.5 

Direct  Current  Resistance  Measurements 

The  direct  current  resistance  of  several  samples  has  been  measured 
with  0.1  volts  d.c.  applied.  For  samples  with  silver  electrodes  the  d.c. 
resistance  is  about  5%  larger  than  the  high  frequency  a.c.  resistance  on 
the  average,  with  variations  of  up  to  5%  about  the  average.  These  varia- 
tions occur  in  times  of  the  order  of  minutes;  usually  the  resistance  increas- 
es after  the  initial  reading,  about  15  seconds  after  the  voltage  has  been  ap- 
plied. In  a few  instances  the  resistance  decreases  with  time,  and  occasion- 
ally there  are  erratic  jumps  in  resistance.  For  samples  with  gold  elec- 
trodes the  d.c.  resistance  is  much  larger  than  the  high  frequency  a.c.  re- 
sistance; at  15  seconds  the  d.c.  resistance  is  20  times  larger  and  increases 
to  100  times  larger  within  3 minutes  without  showing  any  signs  of  attaining 
a limiting  value. 


IV.  Theory 

Fundamental  Equations 

In  Section  I a qualitative  explanation  of  the  polarization  effects  has  been 
presented  in  terms  of  the  motion  of  mobile  charge  carriers  in  a continuous 
medium.  This  qualitative  picture  can  be  developed  into  a macroscopic  math- 
ematical theory.  The  substance— AgBr  in  this  case— is  regarded  as  a con- 
tinuous medium  with  a certain  dielectric  constant  and  with  various  types  of 
charge  carriers  of  specified  concentrations  and  mobilities.  If  formation  and 
recombination  of  the  different  types  of  charge  carriers  are  important,  the 
rate  constants  for  these  processes  are  also  supposed  to  be  specified.  The 
various  parameters  of  the  charge  carriers  will  depend  on  the  temperature  of 
the  medium;  for  each  temperature  the  appropriate  values  of  the  parameters 
are  to  be  used  in  the  macroscopic  theory.  Finally  the  conditions  of  current 
flow  at  the  boundaries  of  the  medium  must  be  specified  for  each  type  of 
charge  carrier. 

The  charge  carrying  medium  is  placed  between  two  parallel,  plane  elec- 
trodes, which  are  normal  to  the  x-axis.  It  is  assumed  that  the  conductivity 
of  the  medium  is  large  enough  so  that  fringing  effects  are  unimportant;  then 
the  space  part  of  the  problem  is  one  dimensional.  Since  only  symmetrical 
combinations  of  electrodes  are  considered,  it  is  convenient  to  place  the  origin 
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at  the  middle  of  the  sample  of  length  2L.  The  equations  are  developed  and 
solved  for  the  case  of  two  types  of  charge  carriers,  positive  and  negative, 
with  equal  equilibrium  concentrations  but  with  different  mobilities.  In  AgBr 
the  positive  charge  cari  iers  are  interstitial  silver  ions,  and  the  negative 
charge  carriers  are  silver  ion  vacancies. 

One  of  the  fundamental  equations  is  Poisson's  equation.  (See  Appendix 
A for  a list  of  symbols.) 
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The  other  equations  give  the  changes  of  p and  n with  time.^® 
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where  k^  and  k2  are  the  rate  constants  for  formation  and  recombination, 
respectively.  Since  the  value  of  Cq/N  is  less  than  .001  for  the  situations 
to  be  considered  in  AgBr,  the  term  k^n  can  be  neglected  in  comparison  to 
k^N  in  the  equations  above.  Then  a detailed  balance  argument  shows  that 
k^/k2  = Cq2/n^  and  with  k2  replaced  by  V Eqs.  (2)  become 
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Eqs.  (1)  and  (3)  are  the  three  fundamental  equations  for  the  three  depend- 
ent variables  p,  n,  and  E. 

Two  rather  generally  accepted  assumptions  have  been  made  in  deduc- 
ing the  fundamental  equations.  The  first  is  the  treatment  of  the  crystal  as 
a continuous  medium;  since  some  of  the  characteristic  lengths  involved  are 
of  the  order  of  ten  lattice  spacings,  there  may  be  some  doubt  as  to  the  va- 
lidity of  this  assumption.  The  second  is  the  treatment  of  the  electrodes  as 
perfectly  plane  surfaces.  The  actual  conditions  at  the  interface  between 
the  medium  and  the  electrodes,  especially  on  a microscopic  scale,  must  be 
far  less  ideal  than  this  treatment  supposes.  It  is  quite  reasonable  to  assume 
that  the  electric  field  is  normal  to  the  actual  surface  at  nearly  all  points 
since  the  metal  electrodes  have  a much  larger  conductivity  than  the  medium, 
but  the  effective  area  of  contact  may  be  several  times  larger  than  the  nom- 
inal area,  and  it  is  certainly  conceivable  that  different  boundary  conditions 
may  apply  for  different  parts  of  the  surface. 

Deduction  of  Approximate  Equations 

There  are  non-linear  terms  in  each  of  Eqs.  (3).  Physically  this  means 
that  harmonics  of  the  applied  a.c.  voltage  are  generated  in  the  sample  and 
that  the  impedance  of  the  sample  depends  on  the  magnitude  of  the  applied 
voltage.  Mathematically  it  is  extremely  unlikely  that  an  exact  solution  of 
the  differential  equations  exists  in  a closed  form.  Therefore  a method  of 
approximation  has  been  developed  which  does  not  take  the  two  non-linear  ef- 
fects into  account  but  which  does  succeed  in  linearizing  the  equations. 

First  suppose  that  the  applied  voltage  has  the  form  V(t)  = Vq  + 
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It  is  then  assumed  that  the  dependent  variables  can  be  represented  by 


19 


p(x.t)  = p (x)  + p,  (x)  e 
o 


j lO  t 


(4) 


with  similar  equations  for  n(x,t)  and  E(x,t).  When  these  expressions  are 
substituted  into  Eqs.  (1)  and  (3),  the  following  sets  of  equations  are  obtained. 
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The  terms  depending  on  time  as  are  not  considered  further  because 

experimentally  only  the  terms  in  eJ“^  are  observed.  In  general  the  series 
of  Eq  (4)  should  be  extended  to  include  in  e® J ^ with  s = 0,1,2,  . . . oo; 
there  would  then  be  an  infinite  number  of  sets  of  equations  like  those  above. 

The  general  procedure  for  solving  Eqs.  (5)  and  (6)  would  be  as  follows. 
First  solve  Eqs.  (5)  for  the  d.c.  terms;  these  equations  are  still  non-linear 
but  have  only  one  independent  variable.  Next  put  the  d.c.  solution  into  Eqs. 
(6);  these  now  become  linear  equations  with  variable  coefficients  and  in 
principle  can  be  solved  for  the  a.c.  terms.  Actually  none  of  these  steps  is 
feasible  in  practice,  and  a further  approximation  must  be  made. 

Notice  that  a consistent  solution  of  the  d.c.  equations  when  no  external 
d.c.  voltage  is  applied  to  the  sample  is  given  by 


p (x)  = c , n (x)  = c , and  E (x)  = 0. 
^o  o o o o 
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If  this  solution  is  substituted  in  Eqs.  (6),  a set  of  linear,  homogeneous  equa- 
tions is  obtained  and  can  be  solved  in  a straightforward  manner.^® 
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The  same  set  of  a.c.  equations  is  obtained  if  the  a.c.  current  densities 
are  written  from  the  beginning  as 


i = e ix  c E,  - eD  (dp,  /dx); 
p / p o 1 p i 

i - eu.  c E,  + eD  (dn,  /dx). 
n / n o 1 n 1 


(9) 


This  is  a reasonable  approximation  so  long  as  p^  and  n^  are  small  com- 
pared to  Cq;  otherwise  extra  terms  appear  in  the  conduction  current.  The 
actual  solutions  show  that  this  condition  is  equivalent  to  having  eVi/2kT  ^ 1. 
Now  in  a qualitative  sense  eV j represents  the  electric  forces  acting  on  the 
charge  carriers,  whereas  kl'  represents  ihe  random  temperature  forces  tend- 
ing to  cause  diffusion  of  the  charge  carriers.  Thus  the  equivalence  of  the  two 
conditions  above  is  expressed  qualitatively  by  saying  that  so  long  as  the  elec- 
tric forces  are  weak  compared  to  the  diffusive  forces  the  equilibrium  distri- 
bution of  charge  carriers  is  not  seriously  affected. 

Discussion  of  the  Approximations 

Because  it  has  been  necessary  to  make  several  approximations  in  order 
to  obtain  solutions  for  the  fundamental  equations,  there  are  two  major  short- 
comings in  the  theory  as  presented  above.  The  first  of  these  is  that  Eq.  (4) 
does  not  represent  the  most  general  time  variation;  terms  in  as  well 

as  terms  in  should  be  included  to  give  a general  Fourier  expansion. 

This  omission  becomes  evident  in  the  form  of  Eqs.  (6),  for  since  these  equa- 
tions are  linear  in  the  a.c.  terms,  the  solutions  for  pj , n^,  and  E^  will  vary 
linearly  with  Vj.  Thus  any  non-linear  variation  with  Vj  has  already  been  ex- 
cluded, and  for  large  enough  Vj  equations  like  Eq.  (4)  can  give  a negative 
value  for  the  concentration  of  charge  carriers,  an  obviously  incorrect  re- 
sult. If  all  terms  were  included  in  Eq.  (4),  however,  every  set  of  equations 
like  Eqs.  (5)  and  (6)  would  contain  a jumble  of  all  coefficients  in  the  Fourier 
time  expansion  and  would  be  quite  impossible  to  solve. 

The  second  difficulty  is  that  Eqs.  (7)  do  not  represent  a good  solution 
for  the  d.c.  equations  in  the  vicinity  of  the  electrodes,  even  when  no  exter- 
nal field  is  applied.  Descriptions  have  been  given  of  the  situation  in  ionic 
crystals  near  a free  surface^  ^ and  in  the  contact  between  AgBr  and  metal- 
lic silver. In  both  cases  there  are  strong  electric  fields  and  large  devia- 
tions from  the  equilibrium  number  of  defects  in  the  vicinity  of  the  surface 
— all  in  contrast  to  Eqs.  (7).  The  dependence  of  p^,  Oq,  and  Eq  on  x is  suf- 
ficiently complicated,  however,  so  that  if  these  functions  were  introduced 
into  Eqs.  (6)  the  resulting  equations  would  be  impossible  to  solve  analyti- 
cally. 

Despite  these  difficulties  the  approximation  procedure  leading  to  Eqs. 

(8)  has  several  important  advantages.  In  the  first  place  it  is  easy  to  see  the 
physical  significance  of  the  approximations  as  described  above.  Because  of 
this  it  is  possible  to  obtain  an  idea  from  physical  considerations  whether  or 
not  the  approximations  are  reasonable  for  a particular  physical  situation. 
Secondly  none  of  the  terms  in  the  fundamental  equations  have  been  discard- 
ed in  the  process  of  arriving  at  Eqs.  (8).  Consequently  the  solutions  of  these 
equations  can  be  expected  to  show  all  of  the  interesting  effects  arising  from 
the  interaction  of  the  different  types  of  processes  which  are  involved  — the 
interplay  of  the  conduction  and  diffusion  currents;  the  influence  of  one  type 
of  charge  carrier  on  the  motion  of  the  other  type,  which  arises  because  the 
concentrations  of  both  types  appear  in  Poisson's  equation;  and  the  effect  of 
the  formation  and  recombination  of  pairs  of  the  charge  carriers.  Thus  it 
seems  that  the  results  obtained  from  the  solutions  of  Eqs.  (8)  should  contain 
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at  least  a correct  qualitative  description  of  the  polarization  effects. 

A rather  different  approach  to  the  problem  of  solving  the  fundamental 
equations  has  been  j^iven  by  Jaff6^^  and  Chang  and  Jaff6.23  They  use  the 
abbreviated  P’ourier  time  expansion  of  Eq.  (4)  and  then  proceed  to  make 
further  approximations  in  such  a way  as  to  make  the  motion  of  each  type 
of  charge  carrier  independent  of  all  other  types.  They  are  forced  to  choose 
zero  order  solutions  somewhat  arbitrarily  and  also  introduce  an  additional 
length  in  a completely  arbitrary  and  incorrect  fashion.  Thus  their  method 
contains  all  of  the  disadvantages  described  above  and  none  of  the  advantages 
of  the  present  theory. 

Boundary  Conditions 

The  normalising  condititin  is  always  that  the  potential  drop  within  the 
sample  be  equal  to  the  applied  potential  drop. 

f E dx  = V.  (10) 

*'-L 


There  are  two  extreme  types  of  boundary  conditions  which  can  be  ap- 
plied to  the  passage  of  charge  carriers  through  the  boundary  between  the 
sample  and  the  elocti-ode.  One  of  these  is  that  the  chai'ge  carriers  of  a par- 
ticular type  are  completely  blocked  at  the  electi-odes:  The  charge  carriers 
cannot  pass  through  themselves  and  cannot  pass  their  charges  through  ci- 
ther, c.g.,  hy  transfer  of  an  elec  tron. 

1 (t  l.,t)  = 0,  or  i (+  E,t)  =0.  (11) 

P » 

The  other  extreme  is  that  the  charge*  carriers  can  pass  through  the  bound- 
ary freely.  Then  if  ^ and  An  represent  the  change  in  concentration  from 
that  existing  when  no  external  voltage  is  applied  and  hence  when  no  current 
is  flowing,  the  condition  for  this  case  is 

Ap(  t L,t)  0,  or  An(t  L,t)  = 0 (12) 


It  is  interesting  to  consider  intermediate  possibilities  for  the  boundary 
conditions,  and  one  way  of  doing  this  is  to  say  that  the  current  flowing  across 
the  boundary  is  proportional  to  the  excess  concentration  at  the  boundary. 


or 


i^^  ( t L,t)  = t (e  I'5pi-p/L)  Ap  (t  L,t), 

i ( t L,t)  = + (e  D r /L)  An  (t  I..,t). 
n n n 


(13) 


The  signs  are  adjusted  so  that  particle  current  flows  out  of  the  sample  when 
there  is  an  excess  concentration  of  particles  at  the  boundary.  The  introduc- 
tion of  the  factors  e Dp/L  and  e makes  the  rate  constants  rp  and  r^ 

dimensionless  and  simplifies  the  later  calculations.  It  is  possible  for  rp 
and  to  have  values  between  0 and  oo:  when  rp  = 0,  ip  = 0,  and  the  elec- 
trode is  blocking  for  positive  charge  carriers;  when  rp  = 03,  Ap  = 0,  and 
the  electrode  is  open  for  positive  charge  carriers. 

A possible  physical  significance  for  the  blocking  parameters  rp  and  I'j.^ 
may  be  seen  in  the  following  way.  Suppose  there  is  a symmetrical  potential 
barrier  of  height  E at  the  interface  between  the  medium  and  the  electrode, 
and  suppose  there  are  an  excess  number  of  particles  in  the  layer  of  ions 
next  to  the  electrode  (thickness  a).  The  current  flowing  across  a unit  area 
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i^(L)  = ( Ap)  ea  oxp(-E/kT). 


By  comparison  to  Eq.  (13)  it  is  seen  that 

r = (a  L 7;  /D  ) exp(-  E/kT). 

P op' 

Using  approximate  values  for  AgBr  of  a = 5 x 10'®  cm,  = 10^^  sec"  ^ , 

Dp  = 10"’  cm2/sec,  L = .3  cm,  and  T = 253*^  C,  the  following  values  are 
found  for  rp. 

E(eV)  .5  1.0  1.4 

rp  20,000  .3  5 X lO"^ 

This  range  of  values  is  sufficiently  large  to  give  either  complete  blocking 
or  complete  passage  for  the  experimental  conditions  considered.  It  seems 
reasonable  to  suppose  that  the  barrier  has  a height  somewhere  in  the  neigh- 
borhood of  1 eV.,  especially  since  Grimley  and  Mott‘^2  calculate  the  contact 
potential  between  AgBr  and  metallic  silver  to  be  1.4  eV.  Even  though  this 
model  gives  reasonable  values  for  the  blocking  parameters,  however,  the 
actual  significance  of  the  barrier  is  still  unspecified. 

One  disadvantage  of  these  intermediate  boundary  conditions  is  that  the 
same  rate  constant  is  used  for  the  flow  of  charge  carriers  out  of  the  sub- 
stance into  the  electrode  as  for  the  flow  in  the  opposite  direction.  In  so  far 
as  a physical  picture  can  be  obtained  of  the  actual  situation  at  the  electrodes 
for  the  AgBr— Ag  metal  system,  it  seems  as  if  this  would  not  be  the  case  but 
rather  that  there  should  be  some  rectifying  features  at  a single  electrode. 
Unfortunately  there  would  be  considerable  mathematical  difficulties  in- 
volved in  trying  to  apply  any  sort  of  rectifying  boundary  conditions  in  the 
theory. 

Calculation  of  the  External  Cui'rent 

The  bridge  measurements  described  in  Section  II  measure  the  total  cur- 
rent passing  through  the  sample.  In  terms  of  the  elements  of  the  equivalent 
circuit  in  Fig.  2 the  external  current  is 


i^^  = (1/R  + jwC)  (Vj/A). 


(14) 


When  the  solutions  of  the  differential  equations  have  been  found  and  the  ar- 
bitrary constants  have  been  determined  by  applying  the  boundary  conditions 
to  these  solutions,  the  remaining  step  in  the  calculations  is  to  determine  the 
current  which  flows  in  the  external  circuit  and  I'ompare  the  result  to  Eq. 

(14)  to  identify  the  equivalent  resistance  and  capacity. 

There  are  two  ways  of  calculating  the  external  current.  In  one  the  ac- 
tual current  flowing  up  to  one  of  the  metal  electrodes  is  considered. 
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In  the  other  the  average  conduction  and  displacement  currents  are  calcu- 
lated. , 
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It  can  be  shown  using  only  the  most  general  fundamental  equations,  Eqs.  (1) 


and  (2),  that  these  two  forms  for  ig^  are  equivalent.  It  is  convei.ient  to  use 
the  second  form  in  the  actual  calculations  because  both  terms  o'.'  ip  and  ip 
in  Eqs.  (9)  can  be  integrated  immediately. 
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0,  there  are  no  polarization  effects.  Only  the 


V.  Comparison  of  Theoretical  and  Experimental  Results 
Calculation  of  Theoretical  Curves 

Typical  curves  calculated  fr^m  the  results  of  the  theory  of  Section  W 
(see  Appendix  B)  are  shown  in  Figs.  10-  13.  The  frequency  dependence  of 
C and  aR  is  shown  at  253°  C and  the  temperature  dependence  at  200  cps, 
all  for  a number  of  different  boundary  conditions.  For  most  of  the  curves 
the  effect  of  formation  and  recombination  is  not  included,  but  for  one  curve 
this  effect  is  included.  For  the  numerical  calculations  the  values  of  Cq,  ^p, 
and  reported  by  Kurnick'^  are  used  (Dp  and  Dp  are  calculated  by  means 
of  the  Einstein  relation.),  and  the  dimensions  of  the  sample  have  been  taken 
as  2L  = .61  cm  and  A = .71  cm^. 

First  the  capacity  curves  will  be  discussed.  Notice  that  a decrease  of 
T is  qualitatively  equivalent  to  an  increase  of  u;  this  occurs  because  w 
enters  into  the  formulas  only  in  the  combination  w/D.  Since  there  are  oth- 
er temperature  dependent  quantities  in  the  formulas,  however,  there  is  not 
a complete  correspondence  between  the  two  plots. 

The  solid  curves  represent  the  extreme  boundary  conditions;  the  curves 
have  been  calculated  from  the  simpler  formulas  in  which  terms  of  the  order 
of  »> /oc  ^ or  less  are  neglected— Eq.  (B5)  for  the  (0,0)  curve  and  Eq.  (B9) 
for  the  (oo,0)  and  (0,oo)  curves.  The  dielectric  capacity  (K/4-«r  )(A/2L)  = 

1.16  ^/u.  f should  be  added  to  the  curves  and  would  be  noticeable  for  the  (oo,0) 
curve  at  high  frequencies.  Since  the  observed  capacity  is  always  much  larg- 
er than  the  dielectric  capacity,  however,  and  since  there  is  some  reason  to 
believe  that  the  curves  should  be  multiplied  by  a factor  of  two  or  more  be- 
fore adding  on  the  dielectric  capacity,  this  capacity  has  not  been  included  in 
the  curves  of  Figs.  10  and  11.  For  purposes  of  comparison  to  the  experimen- 
tal slopes  in  Table  I the  slopes  of  the  theoretical  curves  are  given  in  Table 
III.  For  the  completely  blocked  case  (0,0)  the  slopes  are  taken  from  the 
straighter  portion  of  the  curves. 

For  the  intermediate  boundary  conditions  the  values  for  the  blocking 
parameter  rp  = 20  and  rp  = 3 have  been  chosen  so  as  to  make  the  curves 
calculated  from  Eq.  (BlI)  fall  approximately  midway  between  the  curves 
for  the  extreme  boundary  conditions  for  the  temperatures  and  frequencies 
considered.  Rough  calculations  for  the  cases  (3,3)  and  (0,20)  show  that  both 
these  curves  lie  fairly  close  to  the  curve  (3,0)  and  have  the  same  general 
shape.  If  r„  is  interpreted  according  to  the  discussion  following  Eq.  (13), 
there  should  also  be  a temperature  dependence  of  I’p,  whereas  rp  has  been 
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50  100  200  1000  5000 

f (cps) 

Fir.  10 

Fir,  10.  Theoretical  curves  of  C vs.  f at  253°C.  The  parentheses 
enclose  the  values  of  the  blocking  parameters.  The  various  labels 
mean  the  following. 

(0,0)  Both  charge  carriers  blocked. 

(cn,0)  Positive  carriers  free,  negative  carriers  blocked. 

(0,oo)  Positive  carriers  blocked,  negative  carriers  free. 

(3.0)  Positive  carriers  partially  blocked,  negative  carriers 

(20.0)  blocked. 

(a)  The  effect  of  formation  and  recombination  on  the  (oo,0) 

curve  is  shown. 

Ag  Experimental  results  for  a sample  with  silver  electrodes. 

Au  Experimental  results  for  a sample  with  gold  electrodes. 

Fig.  11.  Theoretical  curves  of  C vs.  T at  200  cps.  Notation  as  in 
Fig.  10. 
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AR  (ohms) 


Fig.  12.  Theoretical  curves  of  Fig.  13.  Theoretical  curves  of  AR 

vs.  f at  253°C.  . Notation  as  in  Fig.  vs.  T at  200  cps.  Notation  as  in  Fig. 
10.  10. 

assumed  to  be  independent  of  both  temperature  and  frequency.  The  princi- 
ple reason  that  no  calculations  have  been  performed  with  rp  depending  on 
T is  that  the  frequency  curves  for  the  intermediate  boundary  conditions  would 
still  show  the  transitional  character  displayed  in  Fig.  10.  Thus  it  does  not 
appear  as  if  this  change  would  be  of  particular  use  in  bringing  the  curves  for 
intermediate  boundary  conditions  into  better  overall  agreement  with  the  ex- 
perimental curves. 
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TABLE  III 


Temperature  and  Frequency  Slopes  of  Theoretical  Curves 


"p 

C 

f/cm^ 

T=253°C 

f=200cps 

Temperature  slope 
(k  cal/ mole) 

Frequency 

slope 

50  cps 

200  cps 

1000  cps 

227° 

253^ 

283^ 

0 

0 

2.7 

8.7 

2 1.4 

28.5 

1.97 

1.95 

1.82 

0 

GO 

0.012 

16.9 

16.9 

16.8 

1.50 

1.50 

1.50 

oo 

0 

0.00071 

29.4 

29.4 

29.4 

1.50 

1.50 
1 

1.50 

The  dotted  curves  (a)  show  the  change  produced  in  the  (oo,0)  curves  by 
a moderately  large  value  of  the  r ate  constant  for  formation  and  recombina- 
tion and  have  been  calculated  from  Eq.  (B9).  The  values  of  ITCq  used  in 
the  calculation  were  determined  by  taking  the  minimum  value  consistent 
with  Pochapsky's  experiment,  rco  = 4000  sec'^  at  350”C  (see  Appendix  C), 
and  scaling  this  down  to  the  lower  temperatures  by  means  of  Eq.  (Cl)  with 
l/2Ep  + Uj  = 18.5  k cal/mole;  this  gives  T'Cq  = 230  sec"  ^ at  253”C.  The 
values  calculated  in  this  manner  are  somewhat  larger  than  would  be  found 
from  Eq.  (C2)  with  Ep*  + Uj  - l/2Ep  = 27.0  k cal/mole  as  found  in  Appen- 
dix C;  this  procedure  gives  = 70  see"!  at  253°C.  It  is  seen  that  even 

with  the  somewhat  larger  value  for  Tc^  the  change  is  not  tremendous.  The 
effect  of  these  values  of  Cq  on  the  (0,oo)  curves  would  be  about  the  same; 
there  would  be  no  noticeable  effect  on  the  (0,0)  curves. 

The  curves  for  the  excess  resistance  aR  are  shown  in  Figs.  12  and  13. 

AR  has  been  calculated  fr'^im  a(!  /R)  by 


R^^  A(]/R) 
o 

1 + Rq  A (1  / R ’ 


(16) 


since  A(1/R)  is  negative,  AR  is  positive.  When  Eq.  (B6)  for  the  complete- 
ly blocked  case  is  used  in  Eq.  (16),  it  turns  out  that  AR  = Rq/(<^t^  )^,  and 
this  is  the  frequency  dependence  shown  by  the  (0,0)  curve.  The  curves 
(oo,0)  and  (0,oo)  have  a frequency  dependence  l/a>  indicated  by  Eq. 

(BIO).  The  analogy  between  a decrease  of  T and  an  increase  of  <o  is  not 
valid  here  because  of  the  extra  temperature  dependent  terms  in  Eq.  (16). 

Comparison  of  Experimental  Results  to  Calculated  Results 

The  dashed  curves  in  Figs.  10-13  show  representative  experimental 
results.  On  the  capacity  plots  the  sample  with  silver  electrodes  is  No.  6a, 
and  the  one  with  gold  electrodes  is  No.  6b.  On  the  excess  resistance  plots 
the  sample  with  silver  electrodes  is  No.  3a,  and  the  one  with  gold  electrodes 
is  No.  6b. 

In  comparing  the  experimental  curves  to  the  theoretical  ones,  it  is  seen 
that  the  best  agreement  for  the  slopes  is  obtained  with  the  (go,0)  curves  for 
positive  carriers  free  and  negative  carriers  blocked;  this  is  evident  from 
the  figures  and  from  a comparison  of  Tables  I and  III.  Unfortunately  the 
magnitude  of  the  calculated  curves  is  too  small;  for  the  sample  with  silver 
electrodes  the  calculated  curves  are  too  small  by  a factor  40  for  capacity 
and  a factor  15  for  excess  resistance.  Now  if  the  results  of  Eq.  (B9)  mul- 
tiplied by  some  constant  were  to  be  in  complete  agreement  with  the  exper- 
imental results,  the  ratios  given  above  should  be  equal  to  each  other;  the 
discrepancy  of  a factor  three  from  this  condition  is  not  tremendously  large. 
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especially  in  view  of  the  inaccuracy  of  the  excess  resistance  measurements. 
For  the  sample  with  gold  electrodes  the  ratios  between  observed  and  calcu- 
lated values  are  240  for  capacity  and  160  for  excess  resistance;  there  is 
thus  an  even  better  agreement  of  the  two  ratios. 

The  magnitudes  of  the  polarization  effects  calculated  for  the  opposite 
case  (0,oo)  are  in  better  accord  with  the  observed  magnitudes.  In  this  case, 
however,  there  is  quite  a difference  in  the  calculated  and  observed  temper- 
ature dependence  of  the  capacity.  Since  the  slopes  are  more  reproducible 
experimentally  than  the  actual  magnitudes,  this  seems  to  be  quite  a serious 
fault. 

The  calculations  with  both  carriers  blocked  (0,0)  give  larger  magnitudes 
than  are  observed.  The  turn  over  of  the  capacity  at  low  frequencies  should 
have  been  observed,  however,  if  it  were  present  to  this  amount  experimen- 
tally. Furthermore  the  calculated  excess  resistance  is  extremely  large  at 
low  frequencies  and  has  a frequency  dependence  that  is  quite  different  from 
the  observed  frequency  dependence.  In  addition  the  d.c.  resistance  measure- 
ments indicate  that  there  is  by  no  means  complete  blocking  with  silver  elec- 
trodes, and  not  quite  complete  blocking  with  gold  electrodes. 

The  theoretical  curves  for  intermediate  boundary  conditions  have  far 
too  much  curvature  to  afford  much  hope  of  a good  comparison  to  the  exper- 
imental curves. 

The  writer  would  like  to  propose  that  the  most  nearly  correct  explana- 
tion of  the  experimental  results  is  contained  in  the  (oo,0)  curves.  The  only 
major  discrepancy  here  is  the  small  magnitude  of  the  calculated  curves,  but 
there  are  several  reasons  that  this  may  not  be  too  serious.  From  the  exper- 
imental viewpoint  the  magnitudes  are  not  especially  rep.”oducible  anyway, 
and  the  magnitudes  observed  when  the  samples  are  not  annealed  after  the 
electrodes  have  been  applied  are  less  by  a factor  of  ten.  It  is  also  encour- 
aging that  the  ratios  of  observed  to  calculated  magnitudes  for  capacity  and 
excess  resistance  are  equal  within  a factor  three.  From  the  theoretical 
viewpoint  there  are  two  possible  reasons  for  expecting  larger  results  than 
those  given  by  the  theory.  The  first  is  that  the  effective  area  of  the  elec- 
trodes is  doubtlessly  larger  than  the  nominal  area  of  the  sample.  Since  the 
characteristic  lengih  in  this  case  is  of  the  order  of  10"^  cm  and  since  the 
finishing  cut  in  the  lathe  leaves  the  surface  fairly  rough  on  this  scale,  there 
is  probably  a difference  of  at  least  a factor  two  and  perhaps  a factor  as 
large  as  five.  The  other  reason  is  that  in  the  situation  with  no  field  applied 
there  are  a large  number  of  vacancies  near  the  electrodes.  According  to 
Grimley  and  Mott22  there  are  about  one  hundred  times  as  many  vacancies 
in  the  layer  one  Debye  length  thick  next  to  the  electrodes  as  there  are  in  the 
interior  of  the  sample.  Although  it  is  by  no  means  certain  that  the  results 
of  Eq.  (B9)  multiplied  by  one  hundred  are  appropriate  for  this  situation,  it 
does  seem  likely  that  there  will  be  some  enhancement  of  the  polarization  ef- 
fects, and  since  the  motion  of  the  charge  carriers  in  the  alternating  field  is 
determined  by  the  mobility  of  the  carriers,  it  is  possible  that  the  tempera- 
ture and  frequency  dependence  of  the  effects  may  not  be  drastically  changed. 

It  is  not  surprising  that  there  is  not  exact  agreement  with  any  of  the  cal- 
culated curves  since  it  is  very  likely  that  the  actual  boundary  conditions  are 
not  so  ideal  as  the  boundary  conditions  described  in  Eqs.  (11),  (12),  and  (13). 
This  certainly  seems  to  be  the  conclusion  if  a detailed  picture  on  an  atomic 
scale  is  imagined  of  the  situation  at  the  electrodes.  For  one  thing  the  pos- 
sible effect  of  the  dependence  of  the  boundary  conditions  on  temperature  is 
rather  difficult  to  estimate  without  knowing  much  about  the  boundary  condi- 
tions; hence  the  results  of  the  (0,oo)  curves  cannot  be  completely  ruled  out 
on  the  basis  of  the  temperature  dependence  alone.  It  seems  reasonable  to 
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suppose,  however,  that  it  is  more  difficult  for  vacancies  to  move  through 
the  interface  than  for  interstitials,  especially  when  vacancies  are  trying  to 
move  into  the  AgBr.  Furthermore,  as  mentioned  previously,  it  seems  like- 
ly that  some  sort  of  rectifying  boundary  conditions  would  be  more  appropri- 
ate for  describing  the  actual  situation  than  the  symmetrical  conditions  used. 

It  is  also  probable  that  the  boundary  conditions  vary  from  place  to  place  on 
the  surface  so  that  some  sort  of  composite  effect  is  observed. 

It  seems  quite  unlikely  that  the  polarization  effects  could  be  produced 
only  by  the  motion  of  bromine  ion  vacancies,  with  both  silver  ion  vacancies 
and  interstitial  silver  ions  being  free  at  the  electrodes.  Since  the  d.c.  re- 
sistance measurements  show  that  a fairly  large  portion  of  the  current  pass- 
es through  the  silver  electrodes,  the  situation  if  bromine  vacancies  were 
present  in  appreciable  numbers  and  were  blocked  at  the  electrodes  would 
be  similar  to  the  (0,oo)  case  rather  than  the  (0,0)  case.  Now  in  the  first 
place  the  activation  energies  for  both  the  ff>rmation  and  mobility  of  bromine 
vacancies  are  presumably  somewhat  larger  than  the  corresponding  energies 
for  the  silver  vacancies;  Kurnick  suggests  35-50  k cal /mole  for  the  forma- 
tion of  Schottky  defects.'^  These  larger  values  would  lead  to  considerably 
larger  values  for  the  theoretical  temperature  slopes,  whereas  the  slopes 
calculated  with  the  activation  energies  for  silvei'  vacancies  are  in  quite 
good  agreement  with  the  observed  slopes.  Secondly  since  the  contribution 
to  the  conductivity  of  the  bromine  vacancies  is  less  than  one-hundredth  of 
the  contribution  of  the  silver  vacancies  in  the  temperature  range  consid- 
ered,'^ the  calculated  magnitudes  of  the  polarization  effects  would  be  even 
smaller  than  those  calculated  for  the  silver  vacancies.  Thus  even  if  the 
bromine  vacancies  do  make  a small  contribution,  their  presence  is  com- 
pletely masked  by  the  silver  vacancies  and  interstitials. 

On  the  basis  of  the  d.c.  resistance  measui  ements  it  would  seem  as  if 
the  samples  with  gold  electrodes  should  show  a behavior  closer  to  the  com- 
pletely blocked  case.  It  is  gratifying  in  this  respect  that  the  observed  po- 
larization effects  are  larger  by  about  a facU'r  ten  with  gold  electrodes.  On 
the  other  hand  the  character  of  the  curves  is  nearly  the  same  as  for  the 
samples  with  silver  electrodes;  it  might  be  expected  that  some  of  the  char- 
acteristics of  the  completely  blocked  case  would  appear. 

Since  the  experimental  curves  do  not  show  any  of  the  curvature  exhib- 
ited by  the  curves  (a),  it  must  be  concluded,  if  the  (oo,0)  or  (0,oo)  curves 
are  appropriate  for  describing  the  exp)erimental  results,  that  the  formation 
and  recombination  rate  is  somewhat  smallei"  than  the  value  230  sec"^  at 
253°C  used  to  calculate  the  curves  (a).  A value  smaller  by  about  a factor 
ten  would  scarcely  affect  the  calculated  curves,  and  would  not  be  especially 
inconsistent  with  the  lower  limit  suggested  by  Pochapsky's  experiment. 

Discussion  of  Other  Aspects  of  the  Experimental  Results 

The  peculiar  dependence  of  the  magnitude  of  the  capacity  on  the  treat- 
ment of  the  electrodes  described  in  Section  III  can  now  be  qualitatively  ex- 
plained. It  will  be  seen  from  Figs.  10  and  11  that  for  the  range  of  temper- 
atures and  frequencies  employed  in  the  experiments  a decrease  in  the  amount 
of  blocking  at  the  electrodes  causes  a decrease  of  the  capacity  and  vice 
versa.  When  the  samples  are  annealed  after  the  electrodes  have  been  ap- 
plied, the  electrodes  seem  to  deteriorate  somewhat,  as  described;  this  treat- 
ment then  must  increase  the  blocking  at  the  electrodes  and  hence  cause  the 
larger  values  of  capacity  which  arc  observed  after  liiis  treatment.  While 
the  samples  are  held  in  the  sample  holder,  on  the  other  hand,  there  is  a mod- 
erate spring  pressure  acting  on  the  electrodes.  Since  silver  bromide  shows 
a relatively  large  amount  of  plastic  flow  at  elevated  temperatures,  it  is  be- 
lieved that  the  contact  between  the  silver  metal  and  the  silver  bromide  is 
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improved  during  this  time.  Also  the  passage  of  a direct  current  would 
seem  to  improve  the  contact  at  the  electrodes.  Thus  the  slow  decrease  of 
capacity  in  these  situations,  especially  the  larger  decrease  at  the  higher 
temperatures  in  the  first  situation,  is  explained. 

For-  the  completely  blocked  case  at  high  frequencies  and  for  the  case 
with  one  carrier  blocked  and  the  other  free  at  all  frequencies,  the  capacity 
should  vary  as  l/L^.  Because  of  the  problems  involved  in  making  the  elec- 
trical measurements,  it  is  not  possible  to  vary  the  length  very  much,  but 
some  samples  have  been  used  with  about  twice  the  length  of  the  others.  As 
can  be  seen  from  Table  I the  capacity  is  somewhat  less  for  these  samples 
than  for  the  shorter  samples.  The  factor  looks  more  like  two  than  four, 
which  would  be  expected,  but  as  usual  there  is  some  uncertainty  in  the  meas- 
urement of  magnitudes,  and  the  change  is  in  the  proper  direction. 

In  order  to  obtain  a basis  for  comparison  to  the  results  for  the  varia- 
tion of  the  capacity  with  pressure  the  approximate  formulas  of  Eqs.  (B6) 
and  (BIO)  are  used.  Using  the  values  of  Kurnick'^  for  the  free  volumes, 
which  are  proportional  to  the  slope  of  log  r vs  P,  etc.  ( aV  = 16  cm^/mole 
for  formation;  aVj  = 2.6  cm^/mole  and  = 7.4  cm^/mole  for  mobility), 

the  values  of  the  pressure  slopes  given  in  Table  IV  are  found.  For  purposes 
of  comparison  the  temperature  slopes  have  been  calculated  by  the  same 
method.  The  slopes  for  the  completely  blocked  case  (0,0)  are  appropriate 
only  at  high  frequencies  ( WT  » 1).  It  will  be  seen  by  comparison  to  Table 

II  that  the  calculated  pressure  slopes  for  the  (0,0)  and  (oo,0)  cases  are  some- 
what too  large,  whereas  the  pressure  slope  for  the  (0,ro)  case  is  slightly  too 
small.  This  is  the  same  situation  that  exists  for  the  temperature  slopes  of 
the  polycrystalline  samples,  and  the  numbers  are  even  approximately  pro- 
portional for  the  two  cases.  Hence  the  pressure  dependence  appears  to  be 
in  substantial  agreement  with  the  temperature  dependence. 

TABLE  IV 

Pressure  Slopes  of  Theoretical  Curves 


r 

P 

r 

n 

P slope 

3 

(cm  /mole) 

T slope 
(k  cal/ mole) 

0 

0 

18.0 

29.7 

oo 

0 

19.1 

29.0 

0 

00 

9.5 

16.2 

Conclusions 

Considering  the  approximations  made  in  solving  the  differential  equa- 
tions, the  uncertainties  about  the  boundary  conditions,  and  the  somewhat  pe- 
culiar behavior  of  the  experimental  results,  it  is  considered  that  the  theory 
gives  a reasonably  good  qualitative  picture  of  the  experimental  results.  It 
seems  certain  that  the  observed  polarization  effects  in  AgBr  are  caused  by 
the  motion  of  the  Frenkel  defects  in  the  crystal  with  some  amount  of  block- 
ing at  the  electrodes,  rather  than  the  motion  of  any  bromine  vacancies 
which  may  be  present. 

Since  there  is  no  indication  in  the  experimental  results  of  the  effects 
which  would  be  caused  by  a fast  formation  and  recombination  rate,  it  is 
probable  that  the  rate  constant  for  these  processes  is  somewhat  smaller 
than  might  be  expected  on  the  basis  of  a simple  picture.  The  proposed  upper 
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limit  for  the  rate  constant  is  not  especially  inconsistent  with  other  experi- 
mental evidence,  however,  and  does  not  appear  to  be  unreasonable  on  the 
basis  of  a slightly  more  refined  picture  of  the  formation  process. 

From  the  viewpoint  of  studying  polarization  effects  as  such  the  experi- 
mental situation  is  far  from  ideal.  The  greatest  difficulty  is  caused  by  the 
large  bulk  conductivity  of  silver  bromide.  Also  the  uncertainty  about  the 
boundary  conditions  makes  the  comparison  of  experimental  and  theoretical 
results  less  definite  than  might  be  desired.  A considerable  advantage,  on 
the  other  hand,  is  that  both  the  concentrations  and  mobilities  of  the  Frenkel 
defects  in  silver  bromide  are  known  from  other  experiments. 

Although  some  approximations  are  necessary  in  the  theory,  a number 
of  interesting  polarization  effects  are  predicted,  and  many  of  these  have 
been  observed,  at  least  qualitatively,  in  this  experiment.  Since  polariza- 
tion effects  have  been  known  experimentally  for  many  years,  especially  in 
connection  with  electrolytic  solutions,  it  is  interesting  to  have  even  a semi- 
quantitative  explanation  starting  from  the  fundamental  laws  of  physics. 
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Appendix  A.  List  of  Symbols 

Properties  of  the  entire  sample: 

L = half  the  length 
A = area 

K = dielectric  constant 

R = equivalent  parallel  resistance 

C = equivalent  parallel  capacity 

Rq  = limiting  value  of  R at  high  frequency 
Cq  = limiting  value  of  C at  low  frequency 
Vq  = magnitude  of  d.c.  voltage  drop 
= magnitude  of  a.c.  voltage  drop 
igjj  = current  per  unit  area  flowing  in  external  circuit 


Electrical  quantities: 


E 

p,n 


^P'^n 

e 

CJ 

j 


electric  field 

concentration  of  positive  and  negative  charge  carriers,  respec- 
tively 

current  densities 

magnitude  of  the  charge  on  the  electron 
angular  frequency 

'TT 


Parameters  of  the  charge  carriers: 


N 

h?’  ^n 

Dp.D„ 

r 

r'p-r'n 


equilibrium  concentration 

number  of  ion  pairs  per  unit  volume  in  the  crystal 
mobilities 

^*-p/  = ratio  of  mobilities 

microscopic  diffusion  coefficients 
conductivity 
blocking  parameters 
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T = rate  constant  for  formation  and  recombination 
■^Q  = vibrational  frequency  of  an  ion  in  the  lattice 
a = interionic  distance 


Quantities  which  appear  in  the  solutions  of  the  differential  equations: 

^l’^2  ~ reciprocals  of  characteristic  lengths 

Aj,A2,A3  = arbitrary  constants  of  integration 


^2  47T  e e 

QC  = r* 

K kT  o’ 


/D  . 
P P 


i>  = /D  . 
n n 


X = rc  /D 
P op 


X = rc  /D 

n on 


a 


2 

P 


7) 

P 


+ 2 X 

P 


<x 


2 

n 


J>  + 2 A 
n n 


(Al) 


(A2) 


Appendix  B.  Detailed  Formulas 

Solutions  of  the  Differential  Equations 

Eqs.  (8)  are  solved  by  eliminating  first  Ej  and  then  nj  to  obtain  a 
fourth  order  equation  in  pj,  which  gives 


p^(x)  = A^  sinh  a^x  + A2  sinh  a2X. 


(Bl) 


The  terms  in  cosh  a^x  and  cosh  a2X  which  should  also  be  present  in  the  gen- 
eral form  of  PI  are  not  needed  here  because  only  symmetrical  boundary  con- 
ditions are  considered  and  the  origin  is  placed  at  the  center  of  the  sample. 
The  expressions  for  ni(x)  and  Ei(x)  can  now  be  found  by  direct  substitution; 

contains  an  additional  integration  constant  A3.  The  quantities  a^  and  a2 
are  given  by 


2 a. 


2 a. 


= (a  2 ^ 2j  ^ ^ ^ 1 ^ ^ 

p n p n 


(B2) 


a 2)2 
n 


n 


+ 2(« 


- <x 


')  ( i> 


using  the  definitions  of  Eqs.  (Al)  and  (A2).  In  the  definition  of  a in  Eq.  (Al) 
the  Einstein  relation  ^/D  = e/kT  for  both  types  of  charge  carriers  has  been 
used;  with  Frenkel  defects  in  AgBr  there  appears  to  be  no  mechanism  which 
can  contribute  to  diffusion  but  not  conduction. 

It  is  easier  to  see  the  physical  meaning  of  the  solutions  if  the  simpler 
formulas  which  are  appropriate  for  equal  mobilities  of  the  charge  carriers 
are  used;  for  the  experimental  conditions  in  AgBr  the  mobilities  do  not  dif- 
fer by  more  than  a factor  of  ten,  and  all  of  the  features  of  the  theory  appear 
in  a qualitatively  correct  fashion  in  the  results  for  equal  mobilities.  Then 
with  yu.p  = f*.  ^ and  consequently  Dp  = , and  also  neglecting  formation  and 

r'^combination  for  the  moment  ( fcQ  = ()),  Eqs.  (B2)  become 
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= J>  = jo  /D; 


a/  = 2 t 


(B3) 


One  of  the  characteristic  lengths  in  Eq.  (Bl)  is  l/a2,  which  is  essentially 
equal  to  1/2  cc  except  at  extremely  high  frequencies.  The  length  (20c  2)-l/2 


2%) 


Pt 
-1/2 


ely  high  frequenci 
is  the  Debye  length  which  appears  in  the  Debye-Hiickel 
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theory  of  strong  electrolytes;  it  is  a measure  of  the  distance  over  which  an 
appreciable  accumulation  of  charge  can  occur  when  a steady  electric  field 
is  applied.  The  other  characteristic  length  is  1/a^  = (D/jo)02  jg  j-g_ 
lated  to  the  distance  the  charge  carriers  can  diffuse  during  one  cycle:  in 
the  time  l/f  the  mean  square  displacement  by  diffusion  is  (2  D/f)  which 
is  equal  to  the  magnitude  of  l/a^  except  for  small  numerical  factors.  For 
the  conditions  in  AgBr  the  Debye  length  is  of  the  order  of  5 x 10"^  cm  and 
the  diffusion  length  is  of  the  order-  of  10'^  cm. 

It  is  interesting  to  note  that  the  solutions  in  the  case  of  equal  mobilities 
can  be  written 


n^  = 2 A2  sinh  a2^* 


p^  -t-  n^  = 2 A^  sinh  a^x. 


Thus  only  the  net  apace  charge,  efpj  - nj),  is  associated  with  the  Debye 
length,  whereas  only  the  excess  number  of  charge  carriers,  pj  + nj,  is  re- 
lated to  the  diffusion  length.  If  formation  and  recombination  are  considered, 
the  only  change  required  is  to  replace  aj  in  Eqs.  (B3)  by 

a^^  = ■P  + 2^  = (j  w + 2 Y'c^I/D. 

Since  it  can  be  seen  in  Eqs.  (8)  that  formation  and  recombination  act  only 
when  the  excess  number  of  charge  carriers,  pj  + nj,  is  different  from  zero, 
it  is  not  surprising  that  aj  should  be  modified  whereas  a2  is  unchanged. 

Results  for  Both  Charge  Carriers  Blocked 

When  the  arbitrary  integration  constants  of  the  solutions  of  Eqs.  (8)  are 
determined  by  the  application  of  the  boundary  conditions  of  Eq.  (11)  to  both 
types  of  charge  carriers,  along  with  the  condition  of  Eq.  (10),  the  general 
expression  for  the  external  current  is  (see  Eq.  [15)) 
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For  the  situations  encountered  in  AgBr  a considerable  simplification 
IS  possible  if  terms  of  the  order  of  T>/2<r  ^ and  X/2  cc  ^ or  smaller  are 
neglected  (These  terms  are  smaller  than  .001  in  all  cases.).  Then 
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If  F,  which  is  never  larger  than  .01,  is  also  neglected,  the  parameters  of 
the  equivalent  circuit  can  be  expressed  as 
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Rq  = 2L/A  e(yUp  + c^  is  the  bulk  resistance  of  the  sample;  it  is  the 

measured  resistance  at  frequencies  so  large  that  /^(1/R)  is  negligibly 
small. 

As  (o  decreases  from  a value  for  which  tot  is  comparable  to  unity,  C 
approaches  a limiting  value 

C = T/R  =(KA/4tt)  (oc/^),  (B7) 

o o 

and  - A(l/R)  becomes  nearly  equal  to  I/Rq.  causing  R to  increase  toward 
infinity.  The  second  form  for  Cq  above  shows  that  the  sample  has  become 
a condenser  with  an  effective  thickness  comparable  to  the  Debye  length  rath- 
er than  the  length  of  the  sample.  Since  the  Debye  length  is  very  short  in 
AgBr  at  elevated  temperatures,  the  value  of  Cq  can  be  quite  large;  at  253° 

C the  value  of  Cq  is  3.9  , and  = 1 for  f = 300  cps.  For  4or»  i 

both  C and  A(l/R)  vary  as  1/w  2 dependence  on  frequency  of  the  paral- 

lel quantities  given  by  Eq.  (B6)  is  the  same  as  that  obtained  from  an  equiva- 
lent series  combination  of  Rq  and  Cq  with  RqCq  = T . This  approximation 
is  not  valid  for  f > 10^  cps,  but  at  this  frequency  the  polarization  effects 
are  completely  negligible. 

The  effect  of  formation  and  recombination  in  this  case  is  scarcely  no- 
ticeable in  the  calculations.  In  Eqs.  (B5)  only  F is  modified  if  Vcq  is  dif- 
ferent from  zero,  and  the  magnitude  of  F decreases  as  I^Cq  increases.  For 
the  case  with  equal  mobilities  there  is  actually  no  effect  at  all  because  the 
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boundary  conditions  require  Aj  in  Eq.  (Bl)  to  be  zero. 

Results  for  One  Type  of  Charge  Carrier  Blocked,  the  Other  Free 

The  results  will  be  jfiven  for  the  case  in  which  the  negative  carriers 
are  blocked,  the  positive  carriers  free.  The  results  for  the  ofjposite  case 
can  be  obtained  by  interchanging  the  subst.ripts  p and  n throughout  (also  re- 
placing ^ = /‘'p/An  intcgi'ation  constants  are  now  determined 

by  using  Eq.  (12)  for  the  positive  carriers,  Eq.  (11)  for  the  negative  carriers, 


and  Eq.  (10).  Then 
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Again  if  terms  of  the  order  of  i>!  cc"^  and  A/cc  2 or  smaller  are  neg- 
lected, simplified  formulas  are  obtained. 
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These  are  valid  between  lO"'^  and  10^  cps.  The  second  term  in  1/S  is  of 
the  order  of  one-hundredth  of  the  first  term;  if  this  is  neglected  and  it  is 
supposed  that  formation  and  recombination  are  unimportant  ( ITcp  = 0).  the 
equivalent  parallel  quantities  can  be  expressed  as 


A(l/R)  = WC  = 


e U c A 
/no 
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24, 
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C now  varies  as  1/w  3/2  A(l/R)  1/w  ^ ^ 2 jp  contrast  to  the  l/w  2 
dependence  of  both  quantities  at  high  frequency  in  the  previous  case.  The 
effect  of  formation  and  recombination  appears  in  Eq.  (B9)  in  the  expression 
+ 2X  p = (jto  + 2)r Cq)/D  • when  r* Cp  is  comparable  to  or  larger  than 
CO  , there  is  an  appreciable  effect.  It  is  interesting  to  note  that  to  the  ap- 
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proximntion  of  Eq.  (B9) 

i (positive  carriers  blocked) 

ex  p 

i (negative  carriers  blocked) 

ex  n ^ 


The  reason  that  the  behavior  of  the  polarization  effects  for  this  combi- 
nation of  boundary  conditions  is  considerably  different  from  that  for  the 
previous  combination  is  that  the  physical  situation  is  considerably  different 
for  the  two  cases.  First  consider  the  case  in  which  both  charge  carriers  are 
blocked.  If  a steady  d.c.  voltage  i.s  applied  to  the  sample,  a certain  amount 
of  charge  builds  up  near  the  electrodes,  and  this  induces  a charge  on  the 
metal  electrodes  which  gives  the  capacity  of  Eq.  (B7).  If  the  applied 
voltage  is  made  to  alternate  slowly,  the  induced  charge  alternates  accord- 
ingly and  gives  rise  to  an  a.c.  capacity  of  the  same  magnitude.  If  a steady 
d.c.  voltage  is  applied  in  the  second  case,  however,  in  which  the  positive 
carriers  are  free  and  the  negative  carriers  blocked,  only  the  negative  carriers 
pile  up  ne.ar  the  electrodes  and  induce  half  the  charge  of  the  previous  case; 
there  is  a steady  current  of  the  positive  carriers  which  corresponds  to  their 
bulk  conductivity.  If  the  applied  voltage  is  made  to  alternate  slowly,  there 
are  now  two  effects:  one  is  the  wobbling  of  the  induced  charge  on  the  elec- 
trodes as  before;  the  other  is  a phase  change  in  the  large  steady  current 
which  flows  even  for  W = o in  this  case.  The  second  effect  occurs  because 
the  pile-up  of  the  negative  carriers  modifies  the  electric  field  through 
Poisson's  equation.  At  very  low  frequencies  the  second  effect  is  dominant, 
and  the  limiting  value  of  the  capacity  for  frequencies  less  than  lO'”^  cps  is 
(K/4rr)  12)  which  is  of  the  order  of  1 farad/cm^  in  AgBr  at  253®  C. 

For  the  frequencies  used  in  the  experiments  the  predicted  capacity  is 
smaller  for  this  case  than  for  the  previous  case  because  C has  been  de- 
creasing from  the  large  initial  value  of  Cq  for  many  more  decades  of  fre- 
quency than  in  the  previous  case. 

Results  for  Intermediate  Boundary  Conditions 

The  calculations  with  intermediate  boundary  conditions  have  been  per- 
formed only  with  Kcq  = 0;  in  Section  V it  appears  that  neither  the  use  of  in- 
termediate boundary  conditions  nor  inclusion  of  the  effects  of  formation  and 
recombination  gives  much  assistance  to  the  explanation  of  the  experimental 
results,  and  the  algebra  would  be  quite  complicated.  If  the  boundary  condi- 
tions of  Eq.  (13)  are  applied  to  both  types  of  charge  carriers,  then,  with 
Y'cq  = 0,  the  external  current  is 
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The  usual  effect  of  these  formulas  is  to  give  results  somewhat  in  between 
the  results  of  the  extreme  cases  previously  described.  For  a given  value 
of  rp,  for  instance,  the  positive  carriers  appear  almost  completely  blocked 
at  high  frequencies  and  almost  completely  free  at  low  frequencies;  if  Tp  < 5, 
however,  the  blocking  is  apparent  even  for  Ui  = 0. 


lendix  C.  Estimates  of  the  Formation  and  Recombination  Rates 


In  order  to  determine  the  effect  of  formation  and  recombination  on  the 
calculated  results,  it  is  necessary  to  obtain  at  least  an  estimate  of  the  rate 
constant  involved.  Since  l^c^j  has  the  dimensions  of  a reciprocal  time  and 
is  compared  to  lo  in  Eq.  (B9K  this  quantity  will  be  referred  to  as  the  rate 
constant. 


Theoretical  Estimates 

A direct  estimate  of  the  formation  rate  may  be  obtained  as  follows. 

The  process  involves  the  jumping  of  a silver  ion  from  a normal  lattice  site 
to  an  interstitial  position,  leaving  a vacancy;  the  energy  required  is  the  en- 
ergy to  form  a pair  of  Frenkel  defects,  Ep  = E^  + Ej,  plus  an  energy  some- 
thing like  the  energy  Uj  for  the  mobility  of  an  interstitial  ion  to  allow  the 
interstitial  ion  to  move  away  from  the  vacancy  (which  has  a smaller  mobil- 
ity). The  number  of  formation  processes  per  unit  time  per  unit  volume  is 
N V exp  [ - (Ep  + Uj)/kTl  , and  when  this  is  identified  with  ''^Cq^  in  Eq. 
(3), 


rcg  = exp  ( - (i  Ep  + Uj)/kT]  , (Cl) 

using  Cq  = N exp  (-  j Ep/kT).  Approximately  the  same  formula  can  also  be 

obtained  by  considering  the  collision  of  interstitials  and  vacancies  if  the 
cross  section  for  recombination  is  taken  to  be  comparable  to  ira^.  If  the 
values  of  Ep  and  Ui  determined  from  conductivity  measurements,  Ep  = 

27 .5  k cal/ mole  and  Uj  = 4.7  k cal/mole*^,  are  substituted  in  Eq.  (Cl),  with 

^ 10^3  se<-'  ^ is  found  to  have  a value  2 x 10^  sec'  ^ at  T = 

253°  C.  Although  this  value  does  not  seem  especially  unreasonable, 25  jt  is 
large  enough  to  produce  a major  change  in  the  theoretical  result  for  the 
case  with  one  carrier  free  and  the  other  blocked.  Since  the  experimental 
results  do  not  indicate  any  such  effect,  it  is  interesting  to  consider  whether 
there  is  any  reason  for  a slower  formation  or  recombination  rate. 

In  the  previous  calculation  the  energy  Ep  determined  for  the  equilib- 
rium condition  is  used;  actually  a somewhat  different  value  should  be  used 
for  the  calculation  of  the  formation  I'ate.  Part  of  the  energy  required  to 
form  a silver  ion  vacancy  or  to  insert  an  interstitial  silver  ion  is  compen- 
sated by  the  subsequent  relaxation  of  the  ions  in  the  neighborhood  of  the  de- 
fect. Since  it  seems  very  likely  that  the  jumping  ion  must  practically  com- 
plete its  jump  before  all  of  the  relaxation  of  the  surrounding  ions  can  occur, 
the  activation  energy  which  determines  the  formation  rate  should  be  larger 
than  Ep  + Up 
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According  to  the  calculations  of  Mott  and  Littleton  for  several  alkali 
halides,  the  change  in  repulsive  energy  during  relaxation  is  only  about  three- 
tenths  of  the  change  in  polarization  energy  of  the  lattice;26  hence  a rough 
estimate  of  the  amount  of  energy  released  during  the  relaxation  process  can 
be  obtained  by  considering  only  the  polarization  energy.  Using  the  model  of 
Jost,2'7  the  change  in  polarization  energy  is  (e2/2R)  (1/Kq  - 1/K),  where  Kq 
is  the  high  frequency  dielectric  constant.  The  detailed  calculations  of  Mott 
and  Littleton  for  the  alkali  halides  indicate  that  R/a  is  0.6  for  positive  ion 
vacancies  and  0.5  for  positive  interstitial  ions.  Using  these  values  for 
AgBr  and  introducing  a factor  of  0.7  to  correct  for  the  neglect  of  the  change 
in  the  repulsive  energy,  the  relaxation  energy  for  a pair  of  Frenkel  defects 
is  found  to  be  20  k cal/mole,  with  about  equal  amounts  coming  from  the  cre- 
ation of  each  type  of  defect.  Now  in  place  of  Eq.  (Cl)  for  calculating  it 

is  necessary  to  use 

re  ^ i)  exp  [ - (E„*  + U - i E„)/kT]  , (C2) 

O O r 1 Z r 

where  Ep*  is  larger  than  Ep  by  at  least  some  of  the  relaxation  energy.  If 
the  entire  relaxation  energy  is  inserted  into  Eq.  (C2),  = 10'^  sec' ^ 

at  253®C;  this  is  evidently  a rather  exaggerated  lower  limit. 

Experimental  Information  About  Recombination  Rates 

Rapid  specific  heat  measurements  on  AgBr  have  recently  been  per- 
formed by  Pochapsky.28  At  temperatures  above  350°  C there  is  an  anom- 
alous increase  in  specific  heat,  which  is  supposed  to  represent  the  extra 
energy  that  is  required  to  form  lattice  defects.  It  is  not  clear  whether 
these  are  Schottky  or  Frenkel  defects,  but  if  it  is  assumed  that  they  are 
Frankel  defects,  a lower  limit  can  be  obtained  for  the  rate  constant.  Since 
there  is  no  evidence  in  these  measurements  that  the  establishment  of  equi- 
librium of  the  defects  is  not  complete  within  5 x 10"^  secs.,  a lower  limit 
for  Y"Cq  is  estimated  to  be  4 x 10^3  sec.'^  at  350°  C.  If  this  value  is  used 
in  Eq.  (C2)  to  determine  Ep*,  it  is  found  that  Ep*  is  greater  than  Ep  by 
9.5  k cal/mole,  which  is  not  unreasonable  in  view  of  the  estimate  of  this 
quantity  made  above,  namely,  a maximum  of  20  k cal/mole.  It  is  then  cal- 
culated that  T"co  = 70  sec.'^  at  253°  C. 

Experiments  on  the  room  tempei  ature  conductivity  of  AgBr  subjected 

to  plastic  deformation  also  give  information  about  the  recombination  rate 
^ oq  ” 71 

of  interstitial  ions.  ^ The  value  of  YCq  is  found  to  be  4 x 10"  ' sec. ' ^ , 

which  agrees  remarkably  well  with  the  value  extrapolated  to  room  temper- 
ature by  Eq.  (C2)  from  the  results  of  the  specific  heat  measurements, 

3 X 10'*  sec'  ^ . 
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THE  VELOCITY  OF  SOUND  IN  WATER  AS  A FUNCTION 
OF  TEMPERATURE  AND  PRESSURE 

A.  H.  Smith*  and  A.  W.  I^awson 
(Submitted  to  The  Journal  of  Chemical  Physics) 

Abstrac  t 

The  velocity  of  sound  in  water  has  been  measured  by  an  ultrasonic 
echo  technique  in  the  temperature  range  from  -12°C  to  129°C  under  hydro- 
static pressures  varying  up  to  9fi00  kg/cm'^.  Even  at  the  highest  pressures 
the  temperature  dependence  of  the  velocity  of  sound  is  found  to  be  abnormal. 
In  contradiction  to  certain  previous  results,  the  temperature  at  which  the 
velocity  of  sound  is  a maximum  is  found  to  increase  with  increasing  pres- 
sure. The  behavior  of  the  sound  velocity  is  discussed  in  the  light  of  recent 
theories  concerning  the  structure  of  water.  The  internal  consistency  of  the 
data  with  existing  pre^ssure  standards  is  also  analyzed. 

Introduction 

Recently  Holton*  has  reported  measurements  on  the  velocity  of  sound 
in  water  as  a function  of  pressure  at  two  different  temperatures,  namely 
30°C  and  50°C.  Holton  pointed  out  the  utility  of  his  data  in  improving  the 
accuracy  of  our  knowledge  of  the  thermodynamical  properties  of  water  and, 
in  particular,  by  correlating  his  data  with  that  of  Bridgman^  on  the  isother- 
mal compressibility  of  water,  he  computed  improved  values  for  the  ratio  of 
the  specific  heat  at  constant  pressure  to  that  at  constant  volume. 

The  purpose  of  the  pre.'sent  paper  is  to  report  data  over  a more  ex- 
tended range  of  pressure  and  temperature  than  that  investigated  by  Holton. 
Although,  in  a general  way,  the  results  reported  below  agree  reasonably 
well  with  those  obtained  by  Holton,  small  discrepancies  between  the  two 
sets  of  measurements  are  found.  These  discrepancies  may  have  a signifi- 
cant bearing  on  the  various  theories  about  the  structure  of  water.  Conse- 
quently, it  has  been  deemed  desirable  to  report  them  in  some  detail. 

The  principal  discrepancy  under  review  involves  the  behavior  of  the 
maximum  in  the  velocity  of  sound  as  a function  of  temperature  as  the  pres- 
sure is  increased.  Holton  concludes  from  his  measurements  that  this  tem- 
perature decreases  with  increasing  pressure;  the  present  authors  conclude 
exactly  the  reverse.  Our  measurements  indicate  that  the  abnormal  tem- 
perature dependence  of  the  velocity  of  sound  persists  even  to  10,000  atmos- 
pheres. If  this  be  so,  Eucken's’  use  of  P-V-1'  data  obtained  in  this  pres- 
sure range  for  computing  the  behavior  of  “normar’  water  may  be  less  justi- 
fiable than  had  hitherto  been  supposed. 

Apparatus 

The  velocity  of  sound  is  measured  by  a pulse  echo  technique,  similar 
to  that  employed  by  other  investigators^’®*^’  for  sound  velocity  determina- 


* Present  address:  Motorola  Research  Laboratories,  Phoenix,  Arizona. 
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ations  as  well  as  the  absorption  of  sound  in  water.  This  method  is  particu- 
larly adapted  for  measurements  at  high  pressures  because  the  experimental 
chamber  is  sufficiently  small  to  be  readily  mounted  in  a high-pressure  ves- 
sel of  limited  capacity.  A schematic  diagram  of  the  apparatus  in  Fig.  1 
shows  the  arrangement  of  the  high  pressure  components  together  with  the 
control  and  measuring  units. 
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Figure  1.  Schematic  diagram  showing  arrangement  of  high 
pressure  equipment,  controls,  and  apparatus  for  measuring 
the  velocity  of  sound. 

The  pressure  system  has  been  described  in  the  literature  previously.® 

It  will  not  be  described  in  detail  here  because  the  mode  of  pressure  genera- 
tion is  immaterial  to  this  investigation.  On  the  other  hand,  measurement 
of  the  pressure  is  of  the  essence.  Pressures  were  determined  by  means  of 
a manganin  resistance  gauge.  This  gauge  was  calibrated  by  determining 
the  resistance  of  the  gauge  at  two  pressures  established  by  others  as  ac- 
cepted standards  by  the  careful  use  of  free  piston  techniques.  The  stand- 
are  pressures  used  were  the  freezing  point  of  mercury  as  determined  by 
Bridgman’ (7  640  kg/cm^  at  0°C)  and  the  freezing  point  of  CO2  as  deter- 
mined by  a blocked  capillary  method  by  Michels'®  (3439  kg/cm^  at  0°C). 

The  pressure  coefficient  of  resistance  of  the  gauge  was  the  same  at  both 
pressures,  indicating  a linear  dependence  of  resistance  on  pressure  for 
this  particular  gauge.  The  pressure  coefficient  of  resistance  1/R  dR/dP 
was  found  to  be  2.43g  x lO"*’  cm^/kg.  Because  our  determination  of  the 
CO2  melting  point  was  also  by  a blocked  capillary  technique,  it  is  pre- 
sumed that  a comparison  of  our  determination  with  that  of  Michels  is  to 
be  preferred  to  a comparison  with  that  of  Bridgman,  who  used  a technique 
involving  a change  in  volume  on  freezing.  Since  the  latter  method  gave  a 
freezing  point  for  CO2  at  0®C  about  1 per  cent  lower  than  that  found  by 
Michels,  it  is  by  no  means  clear  whether  the  most  appropriate  procedure 
has  been  followed.  We  shall  readdress  ourselves  to  this  problem  below 
when  we  consider  the  internal  consistency  of  the  sound  velocity  data  with 
the  pressure  calibration. 

Depending  on  the  temperature  range,  the  tempierature  was  varied 
either  by  a furnace  or  by  a bath  surrounding  the  pressure  vessel.  The  tem- 
perature was  controlled  by  a proportioning  controlled.  In  view  of  the  large 
heat  capacity  of  the  system,  it  is  believed  that  the  temperatures  are  known 
to  be  0.2°C,  the  limit  being  set  by  the  technique  employed,  now  to  be  de- 
scribed. The  temperature  was  measured  in  the  wall  of  the  high  pressure 


128 


vessel  at  a point  about  1 inch  from  the  interior.  A correction  was  then  ap- 
plied for  the  temperature  gradient  between  this  point  and  the  water  under 
study.  This  gradient  was  determined  by  a separate  experiment.  All  tem- 
peratures were  measured  with  a chromel-alumel  thermocouple  by  means 
of  a type  K-2  Leeds  and  Northrup  potentiometer. 

The  ultrasonic  pulse  was  introduced  to  the  water  by  an  X-cut  quartz 
transducer  having  a natural  frequency  of  12  megacycles.  The  oscillator, 
pulser,  receiver,  and  detector  are  the  same  as  those  previously  described 
by  Lazarus,®  and  are  indicated  in  the  block  diagram  Fig.  2.  The  repetition 
frequency  used  was  1000  cycles/sec,  the  pulse  length  varied  from  1 to  10 
microseconds,  and  the  peak  voltage  of  the  pulse  was  about  30  volts. 


Figure  2.  Schematic  diagram  showing  arrangement  of 

components  in  the  apparatus  for  measuring  the  velocity  j 

of  sound.  ) 

I 

The  echo  chamber  used  is  shown  in  Fig.  3.  A principal  feature  in  the 
design  of  this  chamber  is  the  separation  of  the  water  under  study  from  the 
pressure  transmitting  fluid,  which  was  silicone  oil  or  hexane,  depending  on 
the  temperature.  This  separation  is  accomplished  at  one  end  of  the  echo 
chamber  by  sealing  the  edge  of  the  quartz  transducer  C with  a neoprene  . 

washer.  This  arrangement  not  only  affords  a better  acoustical  match  be-  I 

tween  the  quartz  and  the  water,  but  also  eliminates  back  reflections  from 
the  conical  reflecting  surface  of  the  space  filler  behind  the  quartz.  The  I 

other  end  of  the  chamber  is  sealed  by  a sylphon  bellows  A which  provides 
a reservoir  of  water  to  take  up  the  slack  arising  from  the  compression  of  | 

water  in  the  chamber  itself.  These  bellows  are  screwed  on  and  sealed  by 
a neoprene  washer.  ‘ 

All  surfaces  coming  in  contact  with  the  water  are  of  stainless  steel 
except  for  the  neoprene  washers  and  the  gold-plated  quartz  crystal.  The 
reflecting  surface  B is  optically  ground  and  polished  stainless  steel,  flat 
within  a wavelength  of  the  mercury  green  line.  Alignment  is  provided  by 
the  accurately  machined  shoulder  in  the  echo  plug  against  which  the  trans- 
ducer is  pressed  by  a spring. 

Measurements 

The  first  data  obtained  in  this  experiment  were  isobaric  curves  in 
which  it  was  hoped  that  the  shift  in  the  maximum  velocity  of  sound  as  a 
function  of  temperature  with  increasing  pressure  could  be  directly  ob- 
served. When  the  temperature  of  the  maximum  velocity  was  observed  to 
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Figure  3.  Design  of  high  pressure  plug  showing  (A)  the 
sylphon  bellows  used  as  water  reservoir;  (B)  highly 
polished  stainless  steel  acoustic  reflector;  (C)  the  gold- 
plated  12  me.  quartz  transducer;  (D)  threads  for  mount- 
ing plug  in  high  pressure  vessel;  (F)  connector  for  cable 
from  oscillator. 

increase  with  pressure  and  the  corresponding  discrepancy  with  Holton's 
data  realized,  it  was  decided  to  check  the  30“  and  50“  curves  isothermally . 
Further  data  was  taken  at  other  temperatures,  some  more  complete  than 
others,  until  a complete  family  of  isobaric  and  isothermal  curves  was  ob- 
tained as  shown  in  Figs.  4 and  5.  Direct  plot  of  the  present  data  with 
Holton’s  data  (plotted  points)  is  shown  in  Fig.  6.  The  data  for  these  curves 
is  given  in  Tables  I and  II  with  corrections  for  the  effect  of  the  compressi- 
bility as  a function  of  temperature  and  pressure  included  in  the  velocity 
shown,  at  most  a 0.2%  correction. 

The  apparatus  as  designed  is  more  suitable  for  making  observations  of 
changes  in  the  velocity  of  sound  than  in  making  an  absolute  determination 
of  this  velocity  at  each  temperature  and  pressure.  Therefore  the  velocity, 
1510  m/sec,  at  30“C  and  1 atmosphere  given  by  Willard**and  other  investi- 
gators was  used  as  a reference  velocity  from  which  all  velocities  were 
calculated.  An  absolute  determination  of  the  velocity  of  sound  in  water, 
using  the  measured  length  of  the  echo  chamber  (1.583  cm)  and  an  observed 
time  interval  gave  a velocity  at  30“C  within  0.1%  of  the  chosen  value. 
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Table  I 


The  Veloc  ity  of  Sound  in  Water  as  a Function  cjf  Pressure 
Determined  Isothermally  at  Various  Temperatures 


T °C 

P kg/ern^ 

u m/sec 

T “C 

P kg/cm^ 

u m / sec 

-12.0 

34  07 

1954 

0.0 

4619 

2 149 

-12.0 

4118 

2065 

0.0 

5122 

222  1 

-12.0 

4311 

2085 

0.0 

5136 

2210 

- 8.1 

1227 

1576 

0.0 

5787 

2289 

- 8.1 

2169 

1750 

0.0 

644  7 

2363 

- 8.1 

3000 

1889 

7.3 

1 1 

1444 

- 8.1 

3932 

2023 

7.3 

1107 

1639 

- 8.1 

4861 

2165 

7.3 

1892 

1765 

0.0 

1 

1403 

7.3 

3447 

2006 

0.0 

1 

1403 

7.3 

4672 

2168 

0.0 

1 

1402 

7.3 

5659 

2290 

0.0 

36 

1410 

30.0 

1 

1510 

0.0 

256 

1440 

30.0 

1989 

1334 

0.0 

315 

1468 

30.0 

3975 

21 10 

0.0 

474 

1487 

30.0 

5963 

2338 

0.0 

502 

1478 

50.0 

1 

1543 

0.0 

1011 

1576 

50.0 

860 

16  84 

0.0 

1077 

1565 

50.0 

1989 

1861 

0.0 

1470 

1666 

50.0 

2985 

1999 

0.0 

1543 

1675 

50.0 

3038 

2011 

0.0 

1957 

1744 

50.0 

3978 

2129 

0.0 

2006 

1761 

50.0 

5967 

2351 

0.0 

2561 

1848 

96.5 

1 

1548 

0.0 

2562 

1855 

96.5 

435 

1638 

0.0 

3139 

1939 

96.5 

1039 

1747 

0.0 

3582 

2014 

96.5 

5544 

2328 

0.0 

3622 

2016 

96.5 

7370 

2506 

0.0 

4216 

2097 

96.5 

9410 

2678 
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Table  II 


The  Velocity  of  Sound  as  a Function  of  Temperature  as 
Determined  Isobarically  for  Various  Pressures 


P kg/cm^ 

T “C 

u m/ sec 

P kg/ cm2 

T “C 

u m/sec 

1 

0.0 

1403 

1039 

104.6 

1744 

1 

22.5 

1488 

3038 

48.8 

2008 

1 

24.2 

1494 

3038 

56.1 

2024 

1 

26. R 

1504 

5544 

0.0 

2264 

1 

27.0 

1505 

5544 

22.6 

2290 

1 

27.6 

1504 

5544 

57.4 

2324 

1 

45.4 

1539 

5544 

66.5 

2327 

1 

55.1 

1547 

5544 

76.3 

2331 

1 

65.5 

1555 

5544 

85.9 

2335 

1 

74.7 

1557 

5544 

96.1 

2328 

1 

83.2 

1557 

5544 

103.3 

2334 

1 

93.8 

1549 

5544 

103.4 

2332 

435 

22.5 

1563 

7370 

19.1 

2485 

435 

57.6 

1628 

7370 

42.8 

2492 

435 

66.9 

1637 

7370 

51.1 

2491 

435 

77.0 

1642 

7370 

63.4 

2495 

435 

86.7 

1642 

7370 

69.7 

2495 

435 

96.5 

1638 

7370 

84.0 

2497 

1039 

26.5 

1677 

7370 

95.6 

2506 

1039 

44.2 

1714 

9410 

56.5 

2671 

1039 

55.4 

1729 

9410 

62.4 

2669 

1039 

63.4 

1737 

9410 

70.2 

2672 

1039 

70.5 

1742 

9410 

82.7 

2676 

1039 

75.5 

1745 

9410 

97.4 

2678 

1039 

80.4 

1746 

9410 

98.4 

2676 

1039 

88.1 

1748 

9410 

128.9 

2664 

1039 

96.4 

1747 

9410 

129.0 

2666 
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PRESSURE  kg/cm2 

Figure  6.  (,'omparison  of  Holton’s  results  with  those  re- 
ported here.  The  solid  curves  are  plotted  from  the  data 
in  Table  II;  the  solid  circles  and  triangles  are  Holton’s 
observations  at  50®C  and  30®C  respectively. 

The  water  used  in  this  experiment  was  double  distilled  water  for  the 
most  part,  although  some  readings  were  made  with  singly  distilled  water. 
No  difference  was  observed  between  the  sets  of  data.  No  further  effort 
was  made  to  remove  gas  from  the  water. 

The  time  interval  between  echoes  was  measured  by  observing  the 
first  four  echoes  and  averaging  the  time  interval  between  them.  The  input 
signal  was  too  weak  for  parts  of  the  temperature -pressure  range  to  use 
more  than  four  echoes.  It  is  estimated  that  the  time  interval  could  be  de- 
termined to  ± 0.1%.  The  calibration  of  the  microsecond  scale  on  the  delay 
line  of  the  25GD-A/R  oscilloscope  was  checked  against  an  internal  crystal 
whose  natural  frequency  gave  lOu  second  markers  on  the  scale.  The  range 
markers  were  calibrated  by  beating  against  station  WWV,  and  are  accurate 
to  1 part  in  10^. 


Results 

From  the  reference  velocity  at  30°C  and  1 atmosphere,  the  velocity 
calculated  at  50°C  and  0°C  is  found  to  be  in  good  agreement  with  other  in- 
vestigators. Willard  gives  1543  m/sec  for  50°C,  Randall*^  1403  m/sec 
for  0°C.  The  only  high  pressure  work  (about  800  kg/cm^)  for  comparison 
is  that  of  Holton  and  is  shown  in  Fig.  6. 

The  trend  as  seen  from  the  curves  in  Fig.  4 is  for  the  maximum  of 
the  velocity  of  sound  vs  temperature  curve  to  move  to  higher  temperature 
rather  rapidly  with  initial  rise  in  pressure,  and  approach  a maximum  dis- 
placement at  about  94°C.  In  addition  to  this  effect,  there  is  a flattening 
out  of  the  curve  with  increasing  pressure.  Thus  the  positive  temperature 
coefficient  at  30°C  and  1 atmosphere  (2.5  m/sec  per  ®C)  is  about  twice  that 
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at  30°  and  5000  kg/cm^  (1.2  m/sec  per  °C).  Somewhere  above  9500  kg/cm^ 
it  would  appear  that  the  temperature  coefficient  becomes  zero  over  a range 
from  the  freezing  temperature  to  about  100°C.  All  isothermal  curves 
recorded  would  apparently  cross  at  this  pressure  if  extrapolated. 

Referring  to  Fig.  6 again,  where  our  results  are  compared  with  those 
of  Holton,  we  observe  that,  while  the  two  sets  of  data  are  in  excellent  agree- 
ment below  about  3000  kg/cm^,  above  this  pressure  Holton’s  two  curves  be- 
gin to  converge  until,  at  5500  kg/cm2,  they  have  actually  crossed.  Our  cor- 
responding curves  on  the  other  hand  are  still  converging  very  slowly.  The 
implication  of  Holton’s  data  is  that  pressure  has  displaced  the  maximum 
in  the  velocity  of  sound  to  lower  temperatures.  However,  none  of  our  more 
extensive  data  give  any  indication  that  this  conclusion  is  correct  but  rather 
the  contrary. 


Discussion  of  Experimental  Results 

It  is  not  difficult  to  see  why  the  two  experiments  lead  to  conflicting 
conclusions.  The  numerical  discrepancies  are  small  and  any  slight  system- 
atic error  could  easily  account  for  the  difference.  A priori,  it  would  be  dif- 
ficult to  say  which  experiment  is  in  error,  or,  in  fact,  if  the  difference  did 
not  arise  from  comparable  errors  in  both  experiments. 

For  this  reason  the  authors  have  examined  the  information  available 
from  other  sources  which  might  indicate  in  which  direction  the  velocity 
maximum  should  be  shifted  by  pressure.  Such  data  is  available  in  the  form 
of  isothermal  compressibilities  as  a function  of  temperature  and  pressure 
from  the  investigations  of  Bridgman,^  of  Amagat,*^  and  of  Smith  and  Keyes.” 

The  following  relations  are  fjertinent.  The  velocity  of  sound  u is  re- 
lated to  the  adiabatic  compressibility  and  the  density  p by  the  equation 

u = (K^  p )■  " (1) 


Thermodynamics  relates  the  isothermal  compressibility  K-p  to  the  thermal 
expansion  coefficient  a,  the  specific  heat  at  constant  pressure  Cp,  and 
by  the  equation 


Kt  - 


TVo^ 


(2) 


Manipulation  of  Eq.  (1)  and  Eq.  (2)  in  the  region  of  the  maximum  of  the 
velocity  of  sound  leads  to  the  following  conclusions.  Corresponding  to  the 
maximum  in  the  velocity  of  sound,  both  the  isothermal  and  adiabatic  com- 
pressibilities will  exhibit  minima  as  a function  of  temperature.  Near  zero 
pressure  it  may  be  shown  that  the  minimum  in  the  isothermal  compressi- 
bility must  occur  at  a lower  temperature  than  the  minimum  in  the  adiabatic 
compressibility.  Furthermore,  the  minimum  in  the  adiabatic  compressi- 
bility must  occur  at  a lower  temperature  than  the  maximum  in  the  velocity 
of  sound.  As  an  example,  using  Randall’s”  data  for  Kp'  and  K^,  we  may 
compute  the  various  temperatures  under  consideration.  At  atmospheric 
pressure,  we  compute  that  the  minimum  in  K'p  will  occur  at  45°C,  the  mini- 
mum in  Kg  at  65°C,  while  the  maximum  in  the  velocity  of  sound  will  occur 
between  70°C  and  74°C. 

’The  conclusions  of  the  preceding  paragraph  should  be  valid  up  to  pres- 
sures of  the  order  of  magnitude  of  6000  kg/cm^  where  a cross-over  occurs 
between  curves  of  thermal  expansion  vs  pressure  for  different  tempera- 
tures. Above  this  pressure  the  minimum  in  Kg  vs  temperature  will  occur 
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for  a lower  temperature  than  that  for  K'p. 

If  we  pursue  the  reasoning  of  the  preceding  paragraphs,  it  becomes 
clear  that  if  we  can  establish  that  the  minimum  of  vs  temperature  in- 
creases with  increasing  pressure,  then  the  maximum  in  the  velocity  of 
sound  must  also  increase,  as  found  by  our  experiments. 

Referring  now  to  the  behavior  of  the  isothermal  compressibility  as  a 
function  of  temperature  and  pressure,  we  find  unfortunately  that  neither  of 
Bridgman’s  experiments^  on  the  P-V-T  relations  in  water  have  been  car- 
ried out  with  sufficient  accuracy  to  provide  an  unambiguous  answer  to  our 
question. 

If,  however,  we  examine  the  data  of  Amagat  on  K'p,  we  find  that  his  re- 
sults clearly  indicate  an  increase  of  the  minimum  in  K'p  vs  T with  increas- 
ing pressure.  Accordingly,  his  results  lend  weight  to  our  conclusion  that 
the  maximum  of  v vs  T increases  with  increasing  pressure.  To  illustrate 
our  point,  we  have  incorporated  Amagat's  data  in  Table  III.  The  same 
conclusion  is  indicated  by  the  data  of  Smith  and  Keyes,  whose  data  are  re- 
produced in  part  in  Table  IV. 


Table  III 

Abbreviated  Summary  of  Amagat's  Data  on  the  Isothermal 
Compressibility  of  Water  as  a Function  of 
Temperature  T and  Pressure  P 


Pressure 

Range  kg/cm^ 

SO’C 

40°C 

50*C 

60»C 

7 0“C 

1 - 100 

460 

449* 

449 

455 

462 

436 

429 

425* 

427 

439 

200  - 300 

422 

414 

413* 

415 

425 

300  - 400 

413 

402* 

406 

411 

406 

399 

394* 

398 

500  - 600 

390 

390 

388* 

391 

* Indicates  minimum  of  K-p 

and  illustrates  how  minimum  shifts  to 

higher  T with 

increasing 

P.  The  units  of  K^p  are 

in  10“^ 

dynes  / cm*^ 

Table  IV 

Abbreviated  Summary  of  Data  of  Smith  and  Keyes  on  the  Isothermal 

Compressib 

ility  of  Water  as  a Function  of  Temperature 

and 

Pressure  (Compressibility  in 

Arbitrary  Units). 

Pressure 

Range  in  bars 

0°C 

20°C 

40“C 

60“C 

80“C 

0 - 350 

421 

415* 

418 

429 

450 

350  - 1000 

■ 

■ 

332 

314* 

331 

* Indicates  minimum  of  K-p  and  illustrates  how  minimum  shifts  to 

higher  T with  increasing  P.  The  units  of  K'p  are  in  10“^2  dynes/cm^. 
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Self-Consistency  of  the  Sound  Velocity 
and  Pressure  Measurennents 


One  of  the  most  unsatisfactory  aspects  in  precision  investigations  at 
high  pressures  is  the  lack  of  a uniform  standard  in  the  measurement  of 
pressure.  We  have  already  touched  briefly  on  the  discrepancy  between 
the  determinations  of  Bridgman’  and  Michels'®  on  the  freezing  point  of 
C02-  We  do  not  propose  to  enter  into  a discussion  of  the  complex  of  fac- 
tors involved  in  this  discrepancy,  e.g.,  difference  in  observational  tech- 
niques, purity  of  sample,  etc. 

The  purpose  of  this  section  is  to  call  attention  to  the  fact  that  the 
measurement  of  the  velocity  of  sound  in  a liquid,  the  volume  of  the  liquid 
as  a function  of  pressure,  and  the  pressure  itself  are  not  independent.  In 
fact,  for  an  imaginary  fluid  with  no  thermal  expansion,  the  following  rela- 
tion between  these  three  quantities  must  be  valid: 

p - Po  = ^ u2  cIV  (3) 

.)  V„  V2 

For  an  actual  fluid  with  a finite  thermal  expansion,  it  follows  from  Eq.(2) 
that  the  pressure,  volume,  and  velocity  of  sound  in  a fluid  must  obey  the 
relation; 

P-P^.Tp  M (4) 

° V2  ^ Cp  / 

According  to  the  preceding  equation,  if  the  volume  of  a fluid  at  some 
unknown  pressure  is  ascertained,  and  the  velocity  of  sound  at  the  same 
pressure  is  determined,  the  pressure  may  then  be  calculated  if  rather 
crude  values  for  the  thermal  expansion  coefficient  and  the  specific  heat 
are  available.  The  latter  quantities  need  not  be  known  very  well  because 
they  represent  a correction  of  from  3%  to  G%.  As  a result  of  the  integra- 
tion the  effect  of  an  8%  error  in  a or  Cp  on  P is  reduced  to  about  0.2%. 

We  are  invited,  therefore,  to  calculate  the  pressure  from  known 
P-V -T  data  and  the  velocity  of  sound  from  Eq.  (4)  and  to  compare  the  re- 
sult with  that  determined  by  the  manganin  gauge  using  available  pressure 
standards  established  by  a free  piston  technique. 

In  making  such  a comparison,  owing  to  various  discrepancies  in  the 
experimental  literature,  several  procedures  are  possible.  The  possibilities 
are  denumerated  according  to  whether  we  use 

(1)  Bridgm.an's  P-V-T  data  of  1912; 

(2)  Bridgman's  P-V-T  data  of  1935; 

(3)  Holton’s  data  on  the  velocity  of  sound; 

(4)  The  present  data  on  the  velocity  of  sound; 

(5)  Bridman’s  determination  of  the  freezing  point  of  CO2; 

(6)  Michels’  determination  of  the  freezing  point  of  C02- 

Tables  V and  VI  show  the  results  of  a number  of  the  possible  permuted 
comparisons.  It  is  difficult  to  draw  a clean-cut  conclusion  from  these 
calculations,  but  they  may  be  summarized  as  follows.  On  the  whole,  both 
Holton’s  results  and  ours  are  in  better  agreement  with  Bridgman’s  P-V-T 
data  of  1935  than  those  of  1912  — this  statement  being  particularly  appropri- 
ate to  the  1912  data  at  30°C.  Regardless  of  which  set  of  data  on  the  velocity 
of  sound  is  employed  in  the  calculation,  the  deviations  between  the  pres- 
sures determined  by  the  free  piston  technique  and  that  calculated  from  the 
velocity  of  sound  seldom  exceed  2% — a remarkable  result  considering  the 
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Table  V 

Calculation  of  Pressure  from  Eq.  (4)* 


P (kg/cm2) 

V (cc/gm) 

T (“K) 

u (m 
Holton 

/sec ) 
Authors 

P from  Eq.  (4) 

kg/cm^ 

Holton  Authors 

Based 

on  Bridgman's  H2O  Data  of  1935 

1 

1.0046 

303 

1510 

1510 

1 

1 

500 

.9845 

II 

15  88 

1593 

490 

492 

1000 

.9665 

II 

1667 

1676 

989 

992 

2000 

.9368 

II 

1822 

1833 

1978 

1992 

3000 

.9127 

II 

1968 

1981 

2969 

2995 

4000 

.8925 

II 

2100 

2113 

3967 

4003 

5000 

.8754 

II 

2222 

2234 

4954 

5 002 

6000 

.8603 

II 

2344 

2341 

5955 

6007 

1 

1.0120 

323 

1543 

1543 

1 

1 

500 

.9916 

II 

1623 

1623 

500 

500 

1000 

.9744 

II 

1703 

1704 

981 

981 

2000 

.9450 

II 

1856 

1858 

1965 

1966 

3000 

.9207 

II 

1990 

2004 

2962 

2972 

4000 

.9005 

II 

2118 

2135 

3944 

3973 

5000 

.8835 

II 

2227 

2252 

4906 

4952 

6000 

.8684 

II 

2334 

2356 

5877 

5946 

Based  on 

Bridgman’s  H2O  Data  of  1912 

1 

1.0041 

303 

1510 

1510 

1 

1 

500 

.9837 

II 

1588 

1593 

498 

500 

1000 

.9663 

II 

1667 

1676 

982 

987 

2000 

.9364 

It 

1822 

1833 

1978 

1994 

3000 

.9105 

II 

1968 

1981 

3046 

3075 

4000 

.8897 

II 

2100 

2113 

4077 

4119 

5000 

.8719 

II 

2222 

2234 

5089 

5165 

6000 

.8554 

II 

2344 

2341 

6203 

6262 

1 

1.01 18 

323 

1543 

1543 

1 

1 

500 

.9916 

II 

1623 

1623 

496 

496 

1000 

.9743 

II 

1703 

1704 

980 

980 

2000 

.9445 

II 

1856 

1858 

1978 

1980 

3000 

.9205 

II 

1990 

2004 

2965 

2973 

4000 

.8996 

II 

2118 

2135 

3987 

4008 

5000 

.8818 

II 

2227 

2252 

4998 

5037 

6000 

.8662 

II 

2334 

2356 

6007 

6065 

* Based  on  calibration  of  manganin  resistance  gauge  using  Bridgman's 
freezing  point  of  Hg  at  0®C  and  Michels’  freezing  point  of  CO2  at  0°C. 
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Table  VI 

Dependence  of  Calculations  in  Table  V on  Gauge  Constant^  at  30°C. 


Gauge  constant* 

= 2.410X  10'^Mkg/cm2)-l 
P (kg/cm^)  V (cc/gm)  u (m/sec)  Integral 


Gauge  constant** 

= 2.438  X lO'*"  (kg/crn^)"! 
u (m/sec)  Integral 


1 

1.0046 

500 

.9845 

1000 

.9665 

2000 

.9368 

3000 

.9127 

1510 

1 

1594 

492 

1678 

997 

1837 

1999 

1986 

3007 

1510 

1 

1593 

492 

1676 

992 

1833 

1992 

1981 

2995 

I Pressure  determined  assuming  gauge  resistance  varies  as  R„  = 

Ho  n + o P), 

* Based  on  Bridgman's  freezing  point  of  CO2  3400  kg/cm^  at  0°C. 
**  Based  on  Michels'  freezing  point  of  CO2  3430  kg/cm^  at  0°C. 


lapse  of  years  and  the  varied  sources  of  the  experimental  data. 

Table  VI  shows  that  the  rough  generalities  drawn  above  are  somewhat 
sensitive  to  the  pressure  standards  used  in  the  calibration  of  the  resist- 
ance gauge.  Table  V is  based  on  the  use  of  the  freezing  point  of  mercury 
at  0®C  as  determined  by  Bridgman,  and  the  freezing  point  of  CO2  as  de- 
termined by  Michels.  If,  on  the  other  hand,  we  confine  our  comparison  to 
pressures  below  3000  atmospheres,  we  find  that  the  consistency  of  the 
pressure  data  with  ours  is  improved  at  30°('  by  using  Bridgman's  data  on 
the  freezing  point  of  CO2.  The  arguments  evoked  in  the  selection  between 
the  two  comparisons  are  so  involved  that  we  do  not  believe  they  may  be  re- 
solved by  our  data.  The  suspicion  is  generated  nevertheless  that  our  abso- 
lute pressure  standards  are  uncertain  to  about  \%  in  the  range  below  10,000 
atmospheres . 


Comparison  of  Theory  and  Experiment 

Although  the  differences  between  the  results  of  Holton  and  ours  seem 
minuscule  from  an  experimental  point  of  view,  they  have  been  emphasized 
because  of  their  apparent  importance  in  discriminating  among  the  various 
theories  of  the  structure  of  water.  All  of  these  theories  incorporate  as  a 
basic  postulate  the  concept  that  a considera'ole  memory  of  the  ice  struc- 
ture is  retained  in  the  liquid  phase.  Perhaps  the  first  significant  modern 
effort  to  interpret  the  properties  of  water  was  that  of  Bernal  and  Fowler,^® 
who  treated  the  water  as  a mixture  of  two  types  of  H2O  complexes.  One 
type  of  complex  was  considered  to  assume  a quartz-like  type  of  arrange- 
ment (normal  water),  while  the  other  type  was  assumed  to  have  a trydimite 
type  of  arrangement  as  in  ice.  To  explain  qualitatively  the  behavior  of 
water  near  the  ice  point,  Bernal  and  Fowler  found  it  necessary  to  assume 
that  approximately  70%  of  the  molecules  were  ice-like  even  near  the  boil- 
ing point.  Subsequent  investigations  of  the  structure  of  water  using  X-ray 
diffraction  patterns  indicated  that  this  model  was  over-simplified  and  that 
the  molecular  rearrangements  in  the  liquid  state  were  more  subtle.  In  par- 
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ticular.  the  investigations  of  Morgan  and  Warren,*^  and  also  of  Katzhoff,” 
indicated  that  as  the  temperature  was  increased  the  major  change  in  the 
structure  could  be  ascribed  to  an  increase  in  the  number  of  neighbors  in 
the  successive  shells  of  molecules  surrounding  any  given  molecular  center. 

In  an  effort  to  circumvent  this  objection,  Euken^  in  a series  of  papers  ad- 
dressed himself  to  a somewhat  different  approach.  He  depicted  water  as 
composed  of  a mixture  of  polymers  and  considered  the  equilibrium  between 
a system  composed  of  monomers,  dimers,  quadrimers,  and  octomers.  He 
then  assumed  the  P-V-T  data  at  10,000  atmospheres  to  reflect  the  behavior 
of  normal  water.  By  empirically  fitting  an  equation  of  state  to  this  data, 
he  predicted  the  behavior  of  normal  water  under  atmospheric  conditions. 

By  differences  between  the  observed  and  predicted  values  of  the  volume  of 
water  as  a function  of  pressure,  he  deduced  the  number  of  abnormal  mole- 
cules (octomers)  as  a function  of  temperature  and  by  a rather  elaborate 
structure  was  able  to  correlate  this  dependence  with  that  of  the  specific 
heat  and  other  physical  properties.  For  the  sake  of  completeness,  we  add 
that  recently  Gierer  and  Wirtz'®  have  attempted  to  reconcile  Eucken’s 
theory  with  that  of  Bernal  and  Fowler. 

If  our  experimental  results  be  accepted  at  face  value,  it  would  seem 
that  Eucken's  assumption  that  water  is  behaving  normally  at  10,000  atmos- 
pheres is  somewhat  dangerous.  Although  the  isothermal  compressibility 
appears  to  be  behaving  in  a normal  fashion,  the  velocity  of  sound  does  not. 

A re-examination  of  these  early  theories,  therefore,  app>ears  to  be  in  order. 

We  digress  temporarily  to  discuss  a theory  by  Hall*’  which  was  devel- 
oped to  explain  the  anamolous  absorption  of  sound  in  water.  Hall  assumes 
that  a water  molecule  can  exist  in  two  states  differing  in  free  energy  by  an 
amount  F.  The  molal  volume  V of  water  is  then  assumed  to  be  given  by 

V = V„(l  -x^)+V^x^=  V„+AVXa  (5) 

where  is  the  molal  volume  of  normal  water,  the  molal  volume  of  ab- 
normal water,  x^  and  x^  the  corresponding  concentrations  of  the  two  states 
assumed  to  be  related  by  the  simplest  possible  interaction,  namely: 

^=^-AF/RT.  (6) 

^a 

It  is  now  possible  conceptually  to  separate  the  compressibility  K of  water 
into  two  components:  the  compressibility  at  infinite  frequency  plus  a 
structural  component  Kg,  which  is  easily  deduced  to  be  given  by  the  follow- 
ing expression 

Xs  = X - = + , flF  , 

2RTV  [1  + cosh  ~] 

Estimates  of  may  be  made  from  the  compressibility  of  ice  and  calcula- 
tions from  known  intermolecular  potential  functions.  The  estimates  for 
range  between  12  and  24  x 10"^2  cm^/dyne.  Hall  was  able  to  obtain  satis- 
factory agreement  with  sound  absorption  measurements  by  choosing  to 
be  18  X 10"^2  cm^/dyne,  AV  equal  to  -8.4  cm^,  and  AF  equal  to  500  cal/mole. 

We  shall  now  investigate  whether  Hall’s  estimates  of  these  quantities 
also  give  reasonable  values  for  the  compressibility,  thermal  expansion, 
and  specific  heat,  and  compare  the  resulting  estimates  with  those  obtained 
by  Eucken. 
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We  shall  begin  our  analysis  by  comment’ng  that  the  consistent  applica- 
tion of  thermodynamics  to  the  Hall  model  leads  to  the  conclusion  that  in 
addition  to  the  structural  compressibility  given  by  Eq.  (7)  concomitant 
structural  effects  also  occur  in  the  thermal  expansion  coefficient  and  the 
specific  heat.  These  quantities  are  not  completely  independent,  but  are  re- 
lated by  the  following  relations,  regardless  of  the  validity  of  Eq.  (6): 


T(AV)2  Cg 


= (AH)2 


(8) 


and 

ag  = Cg  AV/V  AH 


(9) 


where  Cg  is  the  structural  contribution  to  the  specific  heat,  Og  is  the  struc- 
tural contribution  to  the  thermal  expansion  coefficient,  and  AH  is  the  differ- 
ence in  enthalpy  between  normal  and  abnormal  water  molecules. 

Referring  all  our  calculations  for  the  moment  to  0“C,  we  find  from  Eq. 
(7)  by  assuming  AF  is  zero  that  the  minimum  value  of  AV  is  8.0  cm^/mole 
if  we  use  a value  for  = 12  x 10*12  cm^/dyne.  This  value  for  AV  com- 
pares favorably  with  the  value  of  8.4  cm^/mole  assumed  by  Hall  and  is  con- 
sistent with  the  difference  between  the  obsei’ved  density  of  water  and  that 
which  it  would  acquire  if  water  had  the  same  structure  as  ice. 

If  the  structure  of  water  were  completely  ice-like,  Pople^  has  esti- 
mated that  its  volume  would  differ  from  that  of  water  at  0“C  by  0.22  cm^/ 
gm,  a difference  which  must  be  accounted  for  by  the  transition  from  ab- 
normal molecules  to  a normal  state  In  accordance  with  this  reasoning, 
assuming  Eq.  (6)  is  correct,  we  deduce  that  at  0°C  the  fraction  of  normal 
molecules  is  50%,  a number  intermediate  to  the  predictions  of  Bernal  and 
Fowler  on  the  one  hand  and  Eucken  on  the  other. 

Using  the  value  of  AV  equal  to  8.0  cm^/mole  deduced  above,  and 
Eucken's  estimate  of  8.5  cal/mole  for  Cg,  we  find  from  Eq.  (8)  that  we  must 
take  AH  equal  to  2600  cal/mole  to  be  consistent.  This  value  for  AH  falls 
within  the  range  of  the  values  assumed  by  Eucken  for  the  dissociation  of 
the  various  polymers  in  his  model. 

Using  the  value  of  AH  deduced  from  Eq.  (8),  we  now  calculate  from 
Eq.  (9)  that  the  consistent  value  of  Og  at  0“C  is  14.6  10*‘^/“C.  This  value 
for  ag  is  eminently  reasonable  since  the  average  expansion  coefficient  for 
methyl  alcohol  between  0°C  and  100“C  is  about  + 12  x 10*'^/°C  and  that  for 
water  at  0°C  is  - 1.0  x 10*^/°C. 

Using  Eq.  (6)  again,  from  the  value  of  x^j  at  0“C,  we  calculate  that  the 
value  of  Xj^  at  100°C  should  be  78.  Thus,  the  increase  of  the  normal  com- 
ponent between  the  freezing  and  boiling  points  of  water  is  28%.  If  we  take 
our  value  of  2600  cal/mole  for  AH,  this  implies  an  excess  increase  of  the 
enthalpy  of  water  bet  w G c n t hese  two  temperatures  of  730  cal/mole.  The 
value  estimated  by  Eucken  is  approximately  785  cal/mole. 

It  is  not  difficult  to  verify  from  the  above  data  that  the  minimum  in  the 
thermal  expansion  coefficient  must  occur  in  the  neighborhood  of  0°C.  Thus, 
it  must  be  concluded  that  the  rather  crude  model  used  by  Hall  is  in  essen- 
tial agreement  with  many  of  the  thermodynamic  properties  of  water. 

Nevertheless,  Hall’s  theory  is  subject  to  the  following  criticisms.  Hall 
concluded  that  the  difference  between  the  two  states  assumed  in  his  model 
was  the  breaking  of  a hydrogen  bond.  If  so,  the  validity  of  Eq.  (6)  is  open 
to  question.  Secondly,  the  value  of  AH  found  here  is  too  small  to  account 
for  the  properties  of  water  on  this  physical  model.  The  heat  of  evaporation 
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of  ice,  for  instance,  implies  that  the  encr^fy  to  break  a hydrogen  bond  is  at 
least  twice  the  value  of  AH  used  here. 

This  dilemma  may  be  resolved,  perhaps,  by  considering  the  point  of 
view  of  Pople^>  and  Lennard-Jones.^*  According  to  their  viewpoint  the 
explanation  of  the  anomalies  in  the  behavior  of  water  lies  not  in  the  break- 
ing of  bonds  but  in  their  flexibility.  Thus,  AH  should  not  necessarily  be 
considered  as  the  energy  required  to  break  a hydrogen  bond  but  probably 
as  the  energy  required  to  bend  one.  Pople’s  theory  seems  to  he  consistent 
with  the  X-ray  diffraction  data. 

Another  insufficiency  in  Hall’s  model  is  its  failure  to  describe  satis- 
factorily the  molal  volume  on  data  at  higher  pressures.  Bridgman's 
P-V-T  data  indicate  that  this  quantity  goes  through  a minumum  at  succes- 
sively lower  temperatures  as  the  pressure  is  raised  and  then  at  even 
lower  temperatures  through  a maximum.  These  features  are  qualitatively 
described  well  by  the  equations  given  above.  Quantitatively,  however,  the 
difference  in  molal  volume  between  the  maximum  and  minimum  decreases 
rapidly  with  increasing  pressure.  In  the  theory  this  quantity  is  constant 
since  the  variations  of  AV  and  AS  with  temperature  and  pressure  have 
been  neglected.  The  theory  requires  considerable  refinement  before  the 
fine  experimental  details  can  be  adequately  described. 

We  revert  now  to  a comparison  of  the  Hall  theory  with  that  of  Eucken. 
According  to  Eq.  (7)  the  structural  bulk  modulus  should  decrease  some- 
what more  rapidly  than  the  absolute  temperature  as  the  latter  is  decreased. 
The  behavior  of  the  abnormal  adiabatic  compressibility,  as  predicted  by 
Eq.  (7),  is  shown  in  Fig.  7,  where  it  is  compared  with  that  pi-edicted  by 
Eucken.  As  may  be  seen,  the  discrepancy  is  rather  large.  Although  our 
measurements  seem  to  support  Hall’s  model,  clearly  more  measurements 
and  analysis  are  needed  to  select  the  preferable  theory. 


0 20  40  60  80  100 
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Figure  7.  Estimated  contributions  of  the  structural 
and  normal  components  of  the  adiabatic  compressi- 
bility of  water. 
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In  conclusion,  it  should  be  noted  that  the  arguments  given  above  are 
not  particularly  sensitive  to  the  form  of  Eq.  (6)  because  AF/RT  is  rela- 
tively small . 
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CREEP  OF  SILVER  BROMIDE  AT  HIGH  TEMPERATURE 


R.  W.  Christy 

(Submitted  to  Acta  Metallurgica) 

Abstract 

The  tr:  isient  and  steady-state  creep  rate  of  single  crystal  and  poly- 
crystalline specimens  of  AgBr,  stressed  in  compression  from  6 to  150 
g/mm2,  has  been  investigated  between  300°  and  410°C,  with  the  emphasis 
on  the  steady-state  creep  of  single  crystals.  The  effects  on  the  creep  rate 
of  orientation,  of  hydrostatic  confining  pressure,  and  of  impurities  were 
studied.  Single  crystals  deformed  by  slip,  though  with  rather  weak  condi- 
tions on  possible  slip  systems.  The  steady-state  results  were  reproducible 
to  within  about  15%.  At  higher  stresses,  for  crystals  with  axis  in  the  [001] 
direction,  the  steady-state  creep  rate  was  fit  to  the  empirical  formula 
4 = C exp  {-Q/RT}  exp  {B<t1/^/RT},  with  C = 2.8x10^"^  min“l,  Q = 69.1 
kg-cal/mol,  B=  1.21  (kg-cal/mol)/(g/mm2)W2^  <3-  = compressive  stress. 

For  [111]  crystals,  a-  can  be  replaced  by  3/4  <?"  ; for  other  orientations 
the  rates  were  intermediate.  At  lower  sti-esses  the  rate  decreased  more 
sharply  with  decreasing  stress.  The  steady-state  rate  was  depressed 
strongly  by  high  pressure,  by  the  factor  exp  {-p V/RT}  , with  aV  = 

38  t 3 cm^/mol.  The  effect  of  impurities  in  concentrations  of  about  10"3 
was  in  general  to  decrease  the  creep  rate,  S""  being  more  effective  than 
Cd-^  or  Cl'  in  this  respect.  Mott's  theory  of  diffusion-limited  creep  ap- 
pears to  give  a satisfactory  interpretation  of  the  temperature,  stress,  and 
pressure  dependence  of  the  steady-state  rate  for  pure  crystals. 

I.  Introduction 

A correlation  between  the  activation  energies  for  steady-state  creep 
of  metal  crystals  and  for  self-diffusion  has  often  been  suggested.  Nabarro^ 
has  shown  how  plastic  deformation  can  occur  without  slip  by  the  diffusion  of 
lattice  defects.  If  a surface  where  vacancies  can  form  is  subjected  to  a com- 
pressive force,  at  this  surface  the  equilibrium  vacancy  concentration  will  be 
decreased.  Under  the  concentration  gradient  thus  established,  vacancies  will 
flow  to  the  surface,  resulting  in  a removal  of  matter  from  it.  Nabarro's 
formula  for  the  steady-state  strain  rate  is 

(1)  4 = (8^/d^)(cra^/kT)  D, 

where  <r  is  the  compressive  stress,  a the  lattice  spacing,  D the  coefficient 
of  self-diffusion,  and  d the  dimension  of  the  volume  in  which  there  are  no 
sources  or  sinks  of  vacancies.  This  mechanism  of  course  cannot  account 
for  the  ci^stallographic  features  of  deformation  associated  with  slip. 

Mott^  has  suggested  low  a dislocation  mechanism  for  creep  could  be 
diffusion  limited.  Dislocations,  emitted  by  a course,  pile  up  on  their  slip 
plane  behind  fixed  obstacles.  At  elevated  temperatures  the  dislocations 
climb  out  of  the  slip  plane,  allowing  further  emission  by  the  course.  The 
movement  of  an  edge  dislocation  one  atomic  distance  normal  to  the  slip 
plane  is  accomplished  by  the  addition  (or  removal)  of  a line  of  atoms,  i.e. 
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by  the  diffusion  of  vacancies  from  (or  to)  the  dislocation.  Mott's  formula 
for  the  velocity  of  migration  perpendicular  to  the  slip  plane  for  an  edge 
dislocation  is 


(fa'^F/kTXj/a)  exp(-W/kT}, 

where  f is  the  atomic  vibrational  frequency,  F the  force  per  unit  length  on 
the  dislocation,  j/a  the  number  of  jogs  per  unit  length  in  the  dislocation, 
and  W the  activation  energy  for  self-diffusion. 

Since  the  plastic  behavior  of  ionic  crystals  at  room  temperature^  is 
similar  in  many  respects  to  that  of  metal  crystals,  measurement  of  the 
creep  rate  of  an  ionic  crystal  at  elevated  temperature  should  provide  an 
interesting  test  of  these  ideas.  In  ionic  crystals,  the  transport  of  ion  pairs 
will  be  limited  by  the  more  slowly  diffusing  ion,  and  it  is  with  the  diffusion 
coefficient  for  this  ion  that  a correlation  of  the  creep  rate  could  be  expected. 

The  plasticity  of  AgBr  at  room  temperature  is  comparable  with  that  of 
soft  metals,  the  critical  shear  stress  being  about  100  g/mm^.'^  The  lattice 
defects  are  predominatiy  cation  Frenkel  defects. Thus  the  diffusion  of 
AgBr  ion  pairs  must  be  limited  by  the  number  of  Schottky  defects  and  the 
mobility  of  the  Br'  vacancy,  if  it  is  assumed  on  energetic  grounds  that  the 
number  of  interstitial  Br"  ions  is  negligible.  The  number  and  mobility  of 
Br"  vacancies  is  in  some  doubt.  A transport  experiment  at  406°C  shov/s 
that  any  Br"  current  is  less  than  0.3%  of  the  total  current.^  A value  of 
2.9x10"^!  cm^/sec  at  300°C  has  been  determined^  for  the  self-diffusion 
coefficient  of  radioactive  Br,  compared  to  1.02x10"^  cm^/sec  for  Ag.  The 
activation  energy  for  Br  is  therefore  probably  appreciably  greater  than  that 
for  Ag. 

In  the  present  experiments,  measurements  have  been  made  of  the  tran- 
sient and  steady-state  creep  rates  of  single  crystal  and  polycrystalline 
specimens  of  AgBr,  stressed  in  compression  from  6 to  150  g/mm^  at  tem- 
peratures from  300°  to  410°C.  (The  melting  point  of  AgBr  is  422°C.)  The 
effects  of  hydrostatic  confining  pressure  and  of  impurities  on  the  creep  rate 
were  observed. 


II.  Experimental  Apparatus 

The  apparatus  for  measuring  creep  in  compression  at  high  tempera- 
ture and  atmospheric  pressure  is  illustrated  schematically  in  Fig.  1.  The 
AgBr  sample  rests  between  two  polished  quartz  discs,  on  a stainless  steel 
plug  screwed  into  the  bottom  of  a stainless  steel  tube.  The  quartz  discs 
provide  a smooth,  inert  surface  bearing  on  the  sample,  reduce  heat  flow 
from  the  sample,  and  eliminate  thermoelectric  currents.  The  load  is  ap- 
plied to  the  sample  by  a stainless  steel  ram,  whose  upper  end  deflects  a 
dial  gauge  graduated  to  0.0001".  The  ram  is  made  of  a half-inch  tube  with 
1/32"  wall,  in  order  to  reduce  the  heat  leak  up  the  ram  and  to  permit  the 
application  of  small  loads.  It  is  rigid  enough  that  the  creep  of  the  appara- 
tus, with  no  specimen,  is  negligible  under  the  conditions  of  the  experiments. 
The  ram  assembly  weighs  203  g,  and  it  is  loaded  at  the  top  with  B-B's 
(weight  about  0.3  g)  so  that  the  load  is  nearly  continuously  variable.  The 
load  naust  be  corrected  for  the  spring  constant  and  the  friction  of  the  dial 
gauge.  The  tube  is  surrounded  by  a furnace,  whose  temperature  is  held 
constant  to  within  about  0.5°C  by  a proportioning  controller.®  The  temper- 
ature is  measured  by  a chromel-alumel  thermocouple  about  1/16"  from  the 
specimen.  It  is  necessary  to  direct  a fan  on  the  upper  end  of  the  apparatus 
in  order  to  overcome  spurious  gauge  deflections  caused  by  the  cooling  effect 
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Fig.  1.  Apparatus  for  measuring  creep  under 
compression  at  high  temperature. 

of  random  air  currents. 

Two  types  of  loading  were  possible.  Since  the  AgBr  specimen  sticks 
firmly  to  the  quartz  discs  at  high  temperature,  if  the  latter  are  constrained 
against  lateral  motion  the  specimen  axis  must  remain  vertical.  This  con- 
straint can  be  removed  by  setting  the  lower  quartz  platen  on  five  freely 
rolling  ball  bearings.  (These  were  'soldered'  in  place  during  assembly  with 
naphthalene,  which  then  evaporates  when  the  apparatus  is  heated.) 

The  device  for  measuring  creep  at  high  pressure  was  designed  to  fit 
inside  the  working  space  of  a high  pressure  bomb.^  The  sample  sat  on  the 
bottom  of  a steel  can  with  a tight  fitting  lid,  shown  in  Fig.  2,  with  a lead- 


Fig.  2.  Device  for  loading  specimen  in  a higli  pressure  bomb. 
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filled  steel  weight  resting  on  it.  Holes  in  the  side  of  the  can  admitted  the 
pressure  fluid  (DC  200  3-centistoke  silicone  oil),  so  that  a surge  while 
pumping  on  the  oil  would  not  smash  down  the  weight  on  the  specimen.  Be- 
cause the  arrangement  did  not  permit  strain  measurements  during  the  ex- 
periment (the  working  space  in  the  bomb  is  limited),  the  specimen  was 
measured  with  micrometer  calipers  before  and  after  the  deformation. 
Further,  the  load  was  applied  to  the  specimen  while  the  bomb  was  being 
heated  to  the  temperature  of  the  experiment,  but  conditions  were  arranged 
so  as  to  minimize  the  contribution  to  the  strain  during  this  period.  The 
weight  weighed  243  g in  air;  although  the  stresses  were  calculated  for  the 
bouyancy  of  the  pressure  fluid  at  room  temperature  and  pressure,  the  fail- 
ure of  thermal  expansion  to  compensate  for  compressibility  is  a second 
order  correction. 


III.  Preparation  of  Specimens 

The  AgBr  used  was  precipitated  in  red  light  from  Mallinckrodt  HBr 
and  AgN03.  A qualitative  spectrographic  analysis  indicated  about  0.001% 
of  Fe,  Mg,  and  Cu,  and  less  than  measurable  amounts  of  Cd,  Pb,  Sr,  Ca, 

Zn,  Ba,  Ni,  Mn,  Sn,  Be,  and  Si  present  as  impurities.  Less  than  0.0002% 
sulfur  is  assumed  to  have  been  present,  since  the  addition  of  about  this 
amount  caused  a noticeable  change  in  color  and  in  the  rate  of  photolytic 
darkening  of  the  AgBr.  Since  the  crystals  were  grown  in  air,  they  were 
presumably  saturated  with  oxygen. 

Polycrystalline  samples  were  made  by  px)uring  molten  salt  into  a steel 
die  and  then  pressing  under  about  30  tons.  The  single  crystal  specimens 
were  sawed  from  single  crystal  rods  grown  by  the  Czochralski  method,  a 
continuous  withdrawal  from  the  melt,  at  2 in/hr.  The  specimens  were  ma- 
chined into  cylinders,  from  5 to  8 mm  in  height  and  from  2.3  to  5 mm  in 
diameter,  with  ratios  of  height  to  diameter  of  0.9  to  2.6,  usually  about  2. 
After  machining,  about  0.001"  was  removed  from  the  surface  with  sodium 
thiosulfate  solution.  After  this  treatment  no  recrystallization  of  the  single 
crystal  specimens  ever  occurred.  The  specimens  were  measured  and 
washed  before  the  experiment.  Orientation  determinations  of  the  cylinder 
axis  of  the  specimen  were  made  to  within  about  30'  by  back  reflection  x-ray 
photographs.  No  attempt  was  made  to  handle  the  crystals  in  the  dark,  since 
photolytic  darkening  was  slight  and  disappeared  at  the  temperature  of  the 
experiments. 


IV.  Experimental  Results 
1 . Single  Crystal  Specimens 

A.  Time  Dependence  of  Creep.  The  strain  during  the  course  of  a 
creep  experiment  at  constant  stress  is  commonly  divided  into  three  stages; 
a sudden  deformation  immediately  on  application  of  the  load,  a transient 
phase,  in  which  the  strain  is  in  many  cases  proportional  to  the  cube  root  of 
the  time  according  to  the  Andrade  law,  and  finally  a steady-state  in  which 
the  creep  rate  remains  constant.  With  the  present  apparatus  the  sudden 
compression  CcUinot  be  measured.  After  application  of  the  load  the  strain 
shows  the  transient  and  steady  phases.  At  300°C  the  transient  state  lasts 
a long  time  (more  than  100  hr),  but  near  400°C  it  can  be  quickly  exhausted 
(about  1/2  hr).  The  strain  during  the  transient  phase  is  large  at  high  stress 
and  small  at  low  stress.  It  is  less  for  crystals  with  axis  near  the  [HI)  di- 
rection than  for  those  near  [001]  . The  transient  phase,  however,  is  not  al- 
ways described  by  the  Andrade  law.  In  fact,  the  slope,  and  even  the  shape. 
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of  the  strain-time  curve  during  the  transient  stage  is  very  sensitive  to  fac- 
tors beside  temperature,  stress,  and  orientation,  including  previous  ther- 
mal and  mechanical  history  and  purity.  The  influence  of  impurities  will  be 
described  later.  In  Fig.  3 is  shown  the  effect  of  2-1/2%  compression  at 


Fig.  3.  Transient  creep  of  an  annealed  (A)  and  a 
cold-worked  (B)  specimen. 

room  temperature  before  the  run  at  370°C  (curve  B),  compared  with  the 
behavior  of  an  annealed  sample  (curve  A)  and  the  steady- state  rate  (dashed 
line).  On  the  other  hand,  the  steady-state  rate  is  insensitive  to  these  fac- 
tors, and  the  emphasis  of  the  experiments  has  been  put  on  it. 

After  the  steady-state  is  reached,  it  continues  up  to  a total  strain  of  10 
to  15%,  provided  the  stress  is  kept  approximately  constant  by  an  empirical 
correction  to  the  load  to  compensate  the  increase  in  the  diameter  of  the 
sample.  (This  correction  never  amounts  to  more  than  about  5%.)  After 
about  this  amount  of  strain  the  creep  rate  usually  falls  off,  probably  be- 
cause of  the  geometrical  distortion  of  the  specimen,  since  if  it  is  then  re- 
machined into  a cylinder  the  original  creep  rate  is  restored,  without  the 
reappearance  of  a large  transient. 

During  the  steady-state,  if  the  stress  is  changed  suddenly  there  is  then 
a new  transient  phase  during  which  the  rate  is  greater  or  less  than  the  new 
steady-state  rate  according  as  the  stress  was  increased  or  decreased.  If 
on  the  other  hand  the  temperature  is  changed  no  new  transient  phase  is  de- 
tectable, provided  the  change  is  not  so  fast  as  to  cause  thermal  stressing 
nor  so  slow  as  to  allow,  if  the  load  is  removed,  annealing.  The  time  re- 
quired for  the  creep  rate  to  reach  equilibrium  after  changing  the  tempera- 
ture is  less  than  the  time  required  for  the  apparatus  to  reach  temperature 
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equilibrium  (about  an  hour)  and  is  therefore  not  observable. 

The  steady- state  rate  is  reproducible  to  about  15%  in  a single  sample 
after  observing  the  rate  at  other  temperatures  and  returning  to  the  orig- 
inal temperature,  or  among  different  samples  if  the  height  to  diameter  ra- 
tio is  between  1.3  and  2.6.  For  smaller  ratios  the  rate  was  about  30%  low, 
presumably  because  of  inhibition  of  slip  near  the  platens.  There  was  no 
dependence  on  size,  within  the  limits  used. 

B.  Temperature  and  Stress  Dependence.  The  reproducibility  of  the 
steady- state  creep  rate  among  different  samples  is  sufficient  to  permit 
measurement  of  its  dependence  on  temperature  and  stress  over  rather 
large  ranges.  The  stress  range  which  could  be  investigated  was  limited  at 
the  lower  end  by  the  design  of  the  apparatus  and  at  the  upper  end  by  the 
large  transient  strain  produced  by  high  stress.  In  fact,  in  samples  with  the 
axis  near  the  (001)  direction  at  stresses  above  60  g/ mm^  the  transient 
strain  was  often  so  large  that  it  was  necessary  to  remachine  the  sample  be- 
fore the  steady-state  could  be  observed.  The  procedure  was  in  general  first 
to  get  the  steady- state  value  at  the  highest  temperature,  at  which  the  tran- 
sient component  was  most  quickly  exhausted,  then  take  the  lower  tempera- 
ture points  in  arbitrary  order,  and  finally  repeat  the  highest  temperature. 
This  procedure  was  adopted,  in  preference  to  the  alternative  of  varying  the 
stress  at  constant  temperature,  in  order  to  minimize  the  transient  strain 
during  a run.  Data  will  be  presented  for  (001)  and  (111)  samples;  for  other 
orientations  the  creep  rates  were  intermediate. 

The  logarithm  of  the  creep  rate  is  plotted  versus  inverse  temperature 
in  Figs.  4 and  5,  for  these  two  orientations,  at  different  stresses.  In  these 
figures  an  exponential  temperature  dependence  is  apparent.  In  order  to  ex- 
hibit a stress  dependence  from  the  same  data,  the  best  straight  line  was 
drawn  by  eye  through  the  points  of  Figs.  4 and  5 for  each  constant  stress, 
and  the  ordinates  for  three  fixed  temperatures  were  plotted  as  a function 
of  stress  in  Figs.  6 and  7.  If  the  data  of  Fig.  4 are  plotted  versus  the  com- 
pressive stress,  <r  , the  points  show  a tendency  which  indicates  that  a linear 
representation  could  be  improved  upon.  In  Figs.  6 and  7 the  data  of  Figs.  4 
and  5 are  plotted  versus  the  square  root  of  the  stress.  In  these  figures  the 
linear  representation  appears  to  be  adequate  in  the  region  of  high  stress, 
with  no  simple  function  suggested  over  the  whole  range.  In  fact,  the  func- 
tion 

(3) 

with 

Q = 69.1  kg-cal/mol 

B=  1.21  (kg-cal/mol) /(g/mm^)^ 

O'  for  (001)  crystals 
3/4<r  for  (111)  crystals. 


€ = C exp  j-(Q  - Bc5-  | ^ 

17  - 1 

C = 2.8x10  min 


represents,  within  the  experimental  reproducibility,  all  the  data  in  the 
range  greater  than  about  40  g/mm^.  This  function  is  plotted  by  the  full 
lines  in  Figs.  4-7;  the  dashed  lines  are  added  to  connect  the  data  at  small- 
er values  of  ^ . In  the  case  of  (001)  crystals  at  30  g/mm^,  two  classes  of 
results  were  obtained,  presumably  because  of  small  uncontrolled  differences 
in  orientation  and  loading,  and  with  15  g/mm^  the  results  were  not  very  re- 
producible. 
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Because  creep  by  diffusion  is  expected  to  vary  linearly  with  stress  fo^" 
small  stresses,  accordinp  to  (1),  a special  attempt  was  made  to  investigate 
the  stress  dependence  of  the  creep  rate  of  a [Hlj  crystal  at  the  lowest 
stresses  achievable  with  the  apparatus.  A [111)  crystal  with  height-to-di- 
ameter  ratio  of  0.9  was  measured  at  407°C.  The  results  appear  in  Fig.  7. 
Down  to  the  lowest  attainable  stress  (6  g/mm^),  the  creep  rate  is  still  de- 
creasing faster  than  linearly. 

C.  Effect  of  Hydrostatic  Pressure.  The  procedure  for  the  high  pres- 
sure measurements  of  steady-state  creep  was  as  follows.  First  the  speci- 
men was  deformed  in  the  atmospheric  pressure  apparatus  at  the  stress  and 
temperature  to  be  used  in  the  high  pressure  experiment,  in  order  to  exhaust 
the  transient  creep  and  measure  the  atmospheric  pressure  steady-state  rate. 
It  was  then  cooled  to  room  temperature,  reheated,  and  remeasured,  to  verify 
that  the  transient  component  had  not  returned  and  that  the  steady- state  rate 
was  unchanged.  The  sample  was  then  cooled,  measured,  transferred  to  the 
high  pressure  apparatus,  and  brought  up  to  pressure.  The  temperature  was 
then  raised  by  an  external  furnace  and  maintained  for  a suitable  length  of 
time,  after  which  the  apparatus  was  cooled  to  room  temperature  and  the 
pressure  released.  The  sample  was  removed  and  measured,  and  the  total 
deformation  compared  with  what  it  would  have  been  under  the  same  condi- 
tions at  atmospheric  pressure.  The  procedure  for  transient  creep  was  the 
same,  except  that  an  unstrained,  annealed  sample  was  used. 

Five  steady-state  high  pressure  runs  were  made  between  3000  and 
6000  atmospheres  with  different  applied  stresses  and  using  crystals  of  dif- 
ferent orientations.  The  results  are  shown  in  Fig.  9,  in  which  the  ratio  of 
the  strain  rate  at  high  pressures  € (p)  to  the  strain  rate  at  atmospheric 
pressure  k (0)  is  plotted  versus  p/RT,  where  p and  T are  the  pressure  and 
temperature  of  the  run.  Because  the  temperature  actually  was  changing  at 
the  beginning  and  end  of  the  runs,  the  basis  of  comparison  of  the  high  pres- 
sure and  atmospheric  pressure  strains  is  illustrated  for  one  of  the  runs  by 
Fig.  8,  in  which  the  full  curve  represents  £(T(t))  for  p = 0,  4(T)  being  ob- 
tained from  the  measured  atmospheric  pressure  strain  rate  and  T(t)  being 
the  recorded  temperature  during  the  high  pressure  run.  The  integral  of 
this  function  is  the  total  strain  which  would  have  been  observed  at  atmos- 
pheric pressure  under  the  temperature  conditions  of  the  high  pressure  run. 


Time  t (mm  ) 


Fig.  8.  Atmospheric  pressure  creep  rate  corresponding  to 
high  pressure  run  (full  line)  and  pressure  factor  (dashed 
line). 
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The  ratio  of  the  actual  strain  during  the  high  pressure  run  to  this  integral 
is  assumed  to  be  equal  to  the  ratio  of  the  strain  rate  at  high  pressure  to 
the  strain  rate  at  atmospheric  pressure,  4(p)/ € (0).  If  log  e (p)/  e (0)  is 
plotted  against  p/RT,  € (0)  being  referred  to  the  strain  rate  before  the  high 
pressure  run,  these  data  lie  approximately  on  a straight  line.  The  vertical 
intercept,  however,  is  about  0.5  instead  of  1.  Furthermore,  in  all  but  one 
case  the  atmospheric  pressure  rate  was  measured  also  after  the  high  pres- 
sure run,  and  in  each  case  it  was  about  one-half  of  the  rate  before  it.  There- 
fore in  Fig.  9 the  data  are  plotted  referred  to  the  rate  after  the  high  pres- 
sure run;  for  the  point  for  which  the  rate  was  not  measured  afterward,  the 
rate  obtained  beforehand  was  divided  by  two.  Within  the  precision  of  the  ex- 
periment the  points  lie  on  a straight  line,  regardless  of  orientation  or  stress, 
implying  a relation  of  the  form 

4(p)/  4 (0)  = exp|-p  ^V/Rt|  . 


Fig.  9.  Relative  steady-state  creep  rates  at 
high  pressure. 

The  slope  of  the  line  drawn  in  the  figure  is  aV  = 38  1 3 cm^/mol.  In  Fig. 

8 the  dashed  line  shows  exp{  -p  AV/RT}  during  the  run,  showing  that  this 
function  is  slowly  varying  where  the  contribution  to  the  strain  is  significant, 
and  thus  that  the  analysis  of  the  data  is  consistent. 

The  retardation  of  the  creep  rate  after  the  high  pressure  runs  was  not 
removed  by  several  hours  annealing  at  high  temperature.  X-ray  diffraction 
pictures  made  before  and  after  holding  two  samples  at  high  pressure  and 
temperature  but  without  loading  showed  no  change  in  perfection  of  the  crystal 
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structure.  Removal  of  one  or  two  thousandths  of  an  inch  from  the  surface 
by  etching,  however,  restored  the  normal  creep  rate,  and  the  samples, 
which  were  slightly  discolored  after  the  high  pressure  runs,  regained  their 
normal  color.  Therefore  it  is  thought  that  the  cause  of  the  retardation  was 
contamination  of  the  surface  by  an  impurity.  Spectrographic  analysis  of 
the  surface  of  one  sample  after  the  high  pressure  run  showed  0.003%  Si, 

0. 007%  Fe,  and  0.006%  Cu. 

An  annealed  [001]  sample  was  loaded  with  53  g/mm^  for  about  260  min 
at  6000  atmospheres  and  378®C.  Subtraction  of  the  steady- state  strain, 
computed  on  the  basis  of  the  above  results,  from  the  observed  strain  gave 
a transient  contribution  of  1.3%,  compared  with  the  usual  value  of  the  order 
of  10  or  20%  at  atmospheric  pressure.  Subsequently  tested  at  atmospheric 
pressure,  after  removal  of  the  surface,  the  sample  showed  a further  tran- 
sient strain  of  0.7%  and  a normal  steady- state  rate.  It  thus  appears  that 
the  transient  is  also  suppressed  by  pressure,  though  perhaps  less  strongly 
than  the  steady- state. 

D.  Effect  of  Impurities.  The  effect  on  the  creep  rate  of  additions  of  a 
divalent  cation,  a divalent  anion,  and  a monovalent  anion  of  about  the  same 
ionic  radius  has  been  observed.  Cd"*"^,  S",  and  Cl"  were  chosen  because 
the  solubility  limits  were  known.  For  this  purpose  crystals  were  grown 
from  melts  containing  about  0.0005  and  0.25  mol  per  cent  CdBr2,  0.0006 
and  0.06  mol  per  cent  Ag2S,  and  0.0017  and  0.17  mol  per  cent  AgCl.  The 
exact  impurity  content  of  the  resulting  single  crystals  is  unknown,  although 
from  a crystal  grown  from  a melt  containing  C.08%  Ag2S,  0.06%  was  recov- 
ered by  chemical  analysis.*  In  the  case  of  sulfur,  because  of  the  pronounced 
color  change  caused  by  it,  an  inhomogeneity  associated  with  the  spiral  ridges 
produced  on  the  crystal  rods  by  growth  rate,  dependent  on  the  temperature 
gradient  in  the  melt,  was  seen.  Further,  in  the  case  of  small  concentrations 
of  sulfur,  richer  melts  sometimes  produced  poorer  crystals,  as  evidenced 
by  the  rate  of  photolytic  darkening  and  the  effect  on  the  creep  rate.  Never- 
theless, the  order  of  magnitude  of  the  impurity  content  is  believed  to  be  cor- 
rect, and  the  following  facts  emerge. 

Sulfur  had  the  greatest  effect  on  the  creep  rate.  The  effect  on  the  tran- 
sient of  0.0006%  S"  " , compared  with  'pure'  crystals,  is  shown  in  Fig.  10, 
Curve  (A)  is  for  an  annealed  pure  crystal  which  was  loaded  as  soon  as  tem- 
perature equilibrium  was  attained  (about  2 hr  after  the  furnace  was  turned 
on);  curve  (C)  is  for  a sample  containing  0.0006%  S""  under  the  same  con- 
ditions. Curves  (B)  and  (D)  are,  respectively,  for  a pure  crystal  annealed 
16  hr  in  situ  and  a sulfur-doped  crystal  annealed  12  hr  in  situ  at  397°C  be- 
fore loading.  These  specimens  were  sawed  from  the  same  single  crystal 
rods  as  those  of  curves  (A)  and  (C),  respectively,  and  all  were  [001]  speci- 
mens deformed  at  370°C  with  60  g/mm^.  The  inhibitory  effect,  dependent 
on  holding  time  at  high  temperature,  was  similar  for  other  samples  tested. 
The  steady-state  rate,  however,  for  the  sulfur-doped  samples  was  normal, 

1. e.,  the  same  as  for  the  pure  samples.  But  with  a stress  of  30  g/mm^  at 
405°C  for  a sulfur-doped  sample,  the  steady-state  rate  was  0.7  times  nor- 
mal, and  the  induction  time  in  the  transient  stage  was  an  order  of  magnitude 
greater.  Crystals  containing  0.06%  S“"  behaved  the  same  at  30  as  at  60 
g/mm^:  there  was  no  measurable  transient  and  the  steady-state  rate  was 
about  0.2  times  normal.  (See  Table  I). 

Additions  of  Cd'*~*'  were  similar  to  additions  of  Cl"  in  that  the  transient 


The  author  is  indebted  to  Dr.  Louis  Dunicz  for  performing  this  diffi- 
cult analysis. 
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TABLE  I 

Effect  of  Additions  of  Impurities  on  Creep  Rate 


Impurity 

Atomic  % 

Stress 
(g/ mm2) 

Steady-state  rate 

Transient 

Normal  steady- state  rate 

s“ 

0.0006 

60 

1.0 

induction  period 

s“ 

0.0006 

30 

0.7 

induction  period 

s“ 

0.06 

60 

0.2 

none 

s"" 

0.06 

30 

0.2 

none 

cf 

0.0015 

60 

1.0 

normal 

cf 

0.15 

60 

0.6 

normal 

Cd"^"^ 

0.0005 

60 

1.0 

normal 

Cd^ 

0.25 

60 

0.8 

normal 

Fig.  10.  Transient  creep  of  pure  (A,B)  and  sulfur- 
doped  (C.D)  specimens,  loaded  immediately  (A,C) 
and  after  annealing  in  situ  (B.D). 

behavior  was  like  that  of  pure  crystals,  even  with  the  larger  concentrations. 
0.0017%  Cl"  had  no  effect  on  the  steady-state  rate  with  60  g/mm^.  0.17% 
Cl"  gave  a steady- state  rate  about  0.6  times  normal,  and  0.25%  Cd'*"'*'  one 
about  0.8  times  normal  at  60  g/mm^. 

0.25%  Cd  precipitated  at  room  temperature  in  about  8 hr.  (In  order  to 
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observe  the  effect  in  solution  the  sample  was  maintained  at  high  tempera- 
ture before  loading.)  The  precipitate  had  no  effect  on  the  transient,  and 
probably  none  on  the  steady-state  rate,  though  the  latter  conclusion  is  un- 
certain because  of  dissolution  during  the  run. 

E.  Specimens  after  Deformation.  Slip  in  AgCl  has  been  studied  ^ 
room  temperature  by  Nye,^  who  concluded  that  the  slip  direction  is  [Oil]  , 
while  the  slip  plane  is  not  always  a crystallographic  plane  of  low  indices, 
but  is  always  n^r  to  the  plane  in  an  [Oil]  zone  on  wliich  the  resolved  shear 
stress  in  the  [Oil]  direction  is  maximal.  Observations  of  slip  lines  on  the 
surface  of  three  AgBr  samples  similar  to  those  used  in  the  high  tempera- 
ture creep  tests,  after  l apid  compression  at  room  temperature,  were  con- 
sistent with  Nye's  conclusions  about  AgCl. 

After  creep  at  high  temperature,  slip  lines  did  not  always  appear  on 
the  surface,  so  that  it  was  difficult  to  say  in  all  cases  what  were  the  active 
slip  systems.  This  difficulty  is  the  reason  for  presenting  the  data  in  terms 
of  compressive  stresses  and  strains.  Nevertheless  the  occurrence  of  slip 
can  be  inferred  fi-om  the  shape  of  the  specimens  after  deformation.  (See 
Fig.  11.  The  very  inhomogeneous  deformation  of  the  two  samples  on  the 


Fig.  11.  Single  crystals  after  deformation  cf  about  10%;  in  the  de- 
formation of  the  three  specimens  on  the  left,  the  ends  were  free  to 
move  laterally. 

left  was  observed  only  in  specimens  with  the  ends  free  to  move  laterally 
slipping  on  the  (Oil)  plane  in  the  [Oil]  direction.  The  avoidance  of  this  type 
of  deformation  was  the  reason  for  determining  the  stress  and  temperature 
dependence  of  the  creep  rate  with  the  ends  of  the  specimen  laterally  con- 
strained, although  the  results  were  about  the  same  in  either  case.)  Sorne- 
ti.mes  planes  were  traced  by  not  very  sharply  defined  ridges  on  the  surface 
of  the  deformed  specimen,  and  occasionally,  at  high  stresses,  well  defined 
slip  lines  could  be  seen  under  low  magnification.  Measurement  of  the  ori- 
entation of  these  features  could  only  be  made  within  an  error  of  about  10°, 
however,  so  that  the  following  statements  should  be  understood  to  have  this 
uncertainty.  _ 

'Fhese  observations  indicated  first  that  an  (Oil)  plane  and  an  [Oil]  direc- 
tion constitute  the  preferred  slip  system.  For  example,  a crystal  whose 
axis  was  [215]  was  observed  to  slip  in  the  [Oil]  direction  on  the  (Oil)  plane, 
where  the  resolved  shear  stress  was  only  0.79  relative  to  the  maximum  re- 
solved sjiear  stress  (one-half  the  compressive  stress),  j^n  preference  to  the 
plane  (111),  on  which  the  shear  stress  resolved  in  an  [Oil]  direction  was 
greatest,  namely  0.95.  This  conclusion  is  also  supported  by  the  fact  that  the 
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creep  l ate  was  greatest  when  the  specimen  axis  was  (001]  , when  there  are 
four  (011)-[011)  systems  on  which  the  resolved  shear  stress  is  the  maximum, 
and  least  when  the  axis  was  [111]  , when  there  are  no  such  systems  on  which 
the  resolved  shear  stress  is  different  from  zero. 

This  preference,  however,  does  not  appear  to  be  very  strong.  In  every 
case  a slip  plane  was  chosen  which  was  nearly  45°  from  the  specimen  axis. 

In  addition,  there  were  cases,  particularly  when  the  stress  was  probably  not 
vej'y  homogeneous,  when  the  slip  direction  apparently  cannot  have  been  an 
[Oil]  direction.  For  example,  a crystal  whose  axis  was  [413|  and  whose  ends 
w^re  laterally  free,  after  considerable  slip  in  ^he  (110)  direction  (on  the 
(111)  plane),  appeared  to  have  slipped  in  the  (210]  direction  (on  the  (121) 
plane).  In  [111]  crystals  with  ^he  ends  laterally  constrained,  traces  of  (Oil) 
planes  were  seen;  since  the  [Oil]  direction  is  90°  frojn  the  specimen  axis, 
it  cannot  have  been  the  slip  direction.  If  [100)  and  [210]  are  also  included 
as  possible  slip  directions,  all  the  observations  can  bo  understood.  In  view 
of  the  multiplicity  of  possible  slip  systems,  the  compressive  stresses  and 
strains  are  probably  not  too  bad  a measure  of  the  shear  stresses  and  strains. 

X-ray  orientation  determinations  made  after  the  deform.ation  only  rare- 
ly revealed  appreciable  net  rotation  of  the  lattice  with  respect  to  the  speci- 
men axis.^®  No  correlation  could  be  found  between  the  cases  in  which  it  oc- 
curred and  the  conditions  of  the  deformation. 

After  the  deformation,  except  right  at  the  ends  of  the  specimens,  in 
the  back-reflection  Laue  photographs  each  individual  reflection  was  split 
up  into  a number  of  discrete  spots.  The  number  of  distinguishable  spots 
varied  from  about  10  to  35,  and  they  were  spread  over  an  angular  region 
of  about  2 to  8°.  As  the  area  of  the  incident  x-ray  beam  at  the  specimen 
was  about  28x10“^  cm^,  the  crystals  appear  to  have  broken  up  into  regions 
about  10"2  cm  on  a side  with  a spread  in  orientation  of  about  1 to  4°. 

2 . Polycrystallinc  Specimens 

Having  the  single  crystal  results,  the  behavior  of  polycrystalline  spec- 
imens could  be  compared  with  them.  Unfortunately,  however,  it  was  not 
possible  to  produce  very  small  grained  specimens.  The  results  for  three 
of  them,  with  average  grain  size  of  about  1 mm,  are  presented  in  Fig.  12, 
where  the  dashed  lines  represent  the  results  for  single  crystals  of  [111] 
and  [001]  orientation.  The  rates  do  not  differ  greatly  from  those  for  sin- 
gle crystals.  It  was  found  after  the  runs  that  grain  growth  had  occurred, 
the  samples  now  consisting  essentially  of  one  or  two  large  grains.  Also 
after  the  runs  relative  displacements  of  the  original  grains  of  the  order  of 
0.05  rnm  normal  to  the  surface  could  be  seen. 

Two  bicrystals  with  a grain  boundary  intei'secting  the  plane  ends  of 
the  specimen  were  accidentally  grown.  These  were  tested,  and  it  was  found 
that  slip  marks  were  continuous  across  the  boundary,  but  with  a discontin- 
uous change  in  direction.  The  steady-state  rate  was  not  greatly  lowered 
by  the  presence  of  the  boundaiy,  though  in  both  cases  there  was  an  initial 
period  of  about  90  min,  during  which  the  strain  was  about  3%,  in  which  the 
strain  rate  was  less  than  the  steady-state  rate.  This  effect  was  not  ob- 
served in  the  polycrystalline  samples. 

V.  Discussion 

The  most  salient  features  of  the  experimental  results  are  the  large  ac- 
tivation energy  of  the  steady-state  creep  rate,  in  comparison  to  soft  metals, 
and  the  large  'free  volume'  associated  with  the  high  pressure  measurements. 
In  this  section  an  attempt  will  be  made  to  interpret  the  results  in  terms  of 


157 


K) 


310* 


T CC) 

330*  350*  370*  390*  4l0‘ 


10"^  I 


£ 

•\u 


< 

(r 

z 

< 

X 


10'^  ‘ 


/ / 
/ / 

/ / 

/ / 

/ 

/ / 

/ / 


/ • 

/ / 

/ / 

/ / 

/ / 

/ / 

/ / 

/ / 

/ / 

/ / • 

/ /. 

/ / 


/ 

/ 


•0' 


, / /' 
/ / 

/ / 
5LV  ./• 


1 I 


1.74  1.70  166  1.62  1.68  1.54  1.50  1.46 

I/t  « !0^ 


Fig.  12.  Steady-state  creep  rate  of  poly- 
crystalline specimens  at  60  g/mm^. 


current  ideas  of  plastic  flow,  the  emphasis  being  put  on  the  Mott  mechanism, 
which  appears  to  give  a natural  explanation  of  the  large  activation  energy 
and  strong  pressure  dependence. 

In  discussing  the  results  obtained  with  AgBr,  it  will  be  interesting  to 
compare  them  with  the  measurements  by  Cottrell  and  Aytekin^^  of  steady- 
state  creep  of  single  crystals  of  zinc,  a metal  which,  though  not  cubic,  has 
about  the  same  melting  point  and  critical  shear  stress  as  AgBr.  Their  re- 
sults are  expressed  by 

r=  C exp  j-(Q^  + B'  rJ/RTj  exp  { B'  r /Rt}  , 
where  Y is  the  shear  strain  rate  and  T is  the  shear  stress,  with 


„ ,„10  ,-13  -1 

C = 10  - 1 0 sec 


Q = 28-30  kg-cal/mol  ( T =35  g/mm^), 
o o 

B'  = 0.150-0.300  (kg-cal/m.ol)/ (g/mm^). 


If  our  hi^h  stress  results  are  expressed  in  the  same  form,  assuming  f = 
1/2<T,  Y=  2e  , we  have  from  (2) 

C = 10^®  sec'\ 
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= 59  kg-cal/mol, 

B'  = 0.145  (kg-cal/mol)/(g/mr.n^). 


Thus  the  stress  dependence  is  about  the  same,  whereas  the  activation  en- 
ergy is  twice  as  large  and  the  pre-exponential  factor  is  several  orders  of 
magnitude  larger. 

This  comparison  can  be  understood  qualitatively  if  it  is  assumed  that 
the  behavior  of  dislocations  in  the  two  materials  is  s.'milar,  but  that  the  co- 
efficient of  self-diffusion  appears  as  a factor  in  the  creep  rate.  For  Zn  the 
smaller  of  the  two  diffusion  coefficients  (perpendicular  to  the  c-axis)  is^^ 

90  exp  -3  1 ,000/ RT j , with  an  activation  energy  about  2 kg-cal/mol  larger 
than  Qq.  For  the  coefficient  of  self-diffusion  of  Br  in  AgBr,  both  the  acti- 
vation energy  and  the  pre-exponential  factor  would  be  expected  to  be  con- 
siderably larger.  (For  Cl  in  NaCl,^^  D = 3x10'^  exp  {-62,000/RT^  .)  In  ad- 
dition the  linear  pressure  dependence  of  In  6,  independent  of  stress  and  ori- 
entation, is  easily  understood  in  terms  of  the  effect  of  pressure  on  the  dif- 
fusion coefficient.  The  value  of  AV  for  the  diffusion  of  Br  should  be  larger 
than  the  molar  volume  of  AgBr,  29  cm^/mol,  as  is  the  observed  ^V. 

The  author^^  has  attempted  to  extend  Mott's  theory  to  yield  a formula 
which  can  be  comp>ared  with  the  present  experimental  results.  The  result- 
ing expression  for  the  shear  strain  rate  is 

(3)  r=  N n L j D expj  AW/kT[  , 


where  N is  the  number  of  dislocation  sources  (e.g.,  P’rank-Read  sources^"’) 
per  unit  volume,  n is  the  density  of  diffusing  dislocations  per  unit  area,  L 
is  the  length  of  the  dislocations,-?  is  the  distance  on  the  slip  plane  in  which 
the  dislocations  are  piled  up,  j is  the  proportion  of  jogs  in  the  dislocations, 
and  D is  the  coefficient  of  self-diffusion  (for  Br,  in  AgBr).  AW  is  the  de- 
crease of  the  energy  of  formation  of  a vacancy  when  the  vacancy  is  formed 
at  a dislocation  in  a stress  field,  due  to  the  reduction  in  strain  energy  of 
the  dislocation  when  it  climbs.  The  rate  of  climb  is  assumed  to  be  limited 
by  the  rate  of  diffusion  of  the  excess  vacancies  away  from  the  dislocation. 

If  it  is  assumed  that  the  driving  stress  field  is  primarily  that  due  to  the  in- 
teraction of  the  accumulated  dislocations,*  and  that  the  energy  of  interac- 
tion is  proportional  to  the  square  of  the  number  of  dislocations  and  to  a geo- 
metrical factor  P depending  insensitively  on  their  distribution,  AW  is 


(4) 


AW  = 


G b a^  P/4-Tr  (I  - 7>) 


n i 


where  G is  the  shear  modulus,  i>  Poisson's  ratio,  and  b the  Burgers  vector 
of  the  dislocation.  The  main  stress  dependence  arises  through  (n-£). 

If  the  theory  is  to  apply  both  to  AgBr  and  to  Zn,  the  above  comparison 
suggests  that  the  diffusion  coefficient  for  Br  is  of  the  order  of  magnitude 
D = 10®  exp  [ -61 ,000/  RTj  . According  to  Mott,^  the  proportion  of  jogs  in 
the  dislocation  is  j = exp  { -U/RT).  Then  to  give  the  observed  activation  en- 
ergy Q = 69  kg-cal/mol,  U = 8 kg-cal/mol,  giving  a proportion  of  jobs  be- 
tween 10"^  and  4 x lO"^  between  300®  and  400®  C.  The  x-ray  diffraction  evi- 
dence indicated  that  discontinuities  in  orientation  occur  at  separations  of  the 


This  assumption  appears  reasonable  in  view  of  the  observation^^  that 
the  process  of  steady- state  creep  is  related  to  the  process  of  recovery, 
after  the  applied  stress  is  removed. 
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order  of  10'2  after  deformation,^  suggesting  that  the  density  of  disloca- 
tion sources  should  be  N 10^  cm"^.  Since  the  surface  layer  appears  to 
have  an  appreciable  influence  on  the  creep  rate,"*"  i should  probably  be  com- 
parable with  the  dimension  of  the  crystal,  and  L should  probably  be  of  the 
order  of  magnitude  of  t.  Substitution  of  N = 10^  cm'^,  n = 10^  cm'^,  L = -£ 

= 10"^  cm,  D = 1C®  exp  ■[ -6 1 ,000/RT}  into  (3)  gives  the  observed  value  of 
C * 10^^  sec”^.  In  addition,  using  G = 10^^  dynes/cm^,  t?  = 0.25,  b = a = 

6 X 10'^  cm,  formula  (4)  gives  the  correct  order  of  magnitude  of  AW  if  P 
is  about  5.  Thus  it  appears  that  the  formulas  can  be  made  to  give  the  cor- 
rect order  of  magnitude  for  the  creep  rate  of  AgBr,  and,  because  o'  the  as- 
sumption of  D for  Br,  also  of  Zn.  It  should  be  remarked,  however,  that  the 
diffusion  coefficient  assumed  for  Br  is  not  in  agreement  with  that  measured 
by  Murin  and  Taush"^  at  300®  C. 

It  might  also  be  noted  that  dislocations  could  be  blocked  by  dislocations 
emitted  from  a source  on  a nearby  slip  plane.  The  distance  h at  which  two 
dislocations  can  block  each  other  under  an  applied  shear  stress  T is 

h = G b/8  TTd  - i>  )T- . 

Such  interferenc  e might  be  expected  if  h i L > l/N,  in  which  case  we  would 
have 

-<  = (f  = 1 s-ttii  - ) in  G . 

Since  h — 6 x 10"^  cm/cr  (g/mm^),  this  interference  might  occur  within  the 
range  of  the  experiment,  and  is  a possible  explanation  of  a <r^'^  stress  de- 
pendence. 

For  the  magnitude  of  diffusion  creep  by  the  Nabarro  mechanism,  if  we 
again  assume  that  the  diffusion  coefficient  for  Br  is  D = 10®  exp  {-6 1 ,000  / RT}  , 
and  if  we  assume  that  d = 6 x lO"'^  cm,  we  find  from  (1)  e = 3 x 10"  ^0 
sec"^  at  407°  C and  6 g/mm^.  This  value  is  much  less  than  the  experimen- 
tal rate  of  10'®  sec' ^ at  this  temperature  and  stress,  in  agreement  with  the 
observation  made  in  section  IV  B that  the  stress  dependence  was  not  charac- 
teristic of  Nabarro  creep. 

Except  in  the  case  of  Cd’*”*',  the  Mott  process  does  not  give  the  observed 
dependence  of  creep  rate  on  impurity  concentration  by  its  influence  on  the 
equilibrium  vacancy  concentration.  Cd'*"''  depresses  the  number  of  Br'  va- 
cancies, S"  increases  it,  and  Cl'  has  no  effect. On  the  other  hand,  S" 
depressed  the  creep  rate  most,  next  Cl',  and  finally  Cd’*"*’.  Cd'*"*'  gave  about 
the  effect  which  would  be  expected  from  its  influence  on  vacancy  concentra- 
tion. It  is  thought  that  the  explanation  of  the  effect  of  S"  and  Cl'  is  to  be 
sought  in  an  Interaction  of  the  impurities  with  the  dislocations,  leading  to  an 
inhibition  of  their  motion  on  the  slip  plane.  Particularly  in  the  case  of  S", 
the  induction  time  for  transient  creep,  depending  on  holding  time  at  high 
temperature,  suggests  such  an  explanation. The  nature  of  the  interaction, 
however,  is  not  entirely  clear  from  the  experiments.  The  radii^^  of  S" 
and  Cl'  are  about  8%  smaller  than  that  of  Br',  while  Cd’*"*'  is  a little  m.ore 
than  8%  smaller  than  Ag"*",  so  that  an  elastic  interaction  does  not  seem  to 
give  the  observed  differences.  An  electrical  interaction  between  doubly 
charged  impurities  and  'incipient  vacancies'^^  at  jogs  in  dislocations  is  con- 
ceivable, but  also  fails  to  account  for  the  differences.  Whatever  the  nature 

# Hedges  and  Mitchell^®  have  observed  optically  a polyhedral  substruc- 
ture in  AgBr,  with  dimensions  lO'®  - 10'2  cm. 

+ Cf.  for  example^^. 
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of  the  interaction,  however,  it  is  believed  that  accidental  impurities  account 
for  the  sharper  decrease  of  steady-state  creep  rate  at  low  stress,  since  the 
addition  of  a small  amount  of  S'"  depressed  the  rate  at  30  but  not  at  60 
g/ mm2. 

In  alkali  halides  slip  systems  are  chosen  which  do  not  demand  the  close 
approach  of  ions  of  like  sign  when  a dislocation  moves.  In  contrast  to  the 
alkali  halides,  the  large  polarizability  of  the  Ag'*'  ion  may  account  for  the 
ductility  of  the  silver  halides,"^  the  monopole  repulsion  being  decreased  by 
dipole  interaction. 23  it  seems  possible  to  understand  qualitatively  the  com- 
paratively weak  conditions  on  choice  of  slip  system  in  AgBr  on  this  basis. 

Because  of  the  large  number  of  slip  systems  possible,  grain  boundaries 
in  polycrystalline  AgBr  do  not  appear  to  inhibit  slip  in  individual  grains 
strongly,  in  contrast  for  example  to  Zn.  in  which  the  creep  rate  of  polycrys- 
talline specimens  is  very  much  smaller  than  that  of  single  crystals. On 
the  other  hand,  grain  boundary  mobility  did  not  appear  to  give  a large  con- 
tribution to  the  strain  rate;  the  contribution  would  presumably  be  greater  in 
small  grained  specimens. 


VI.  Conclusion 

It  is  concluded  that  Mott's  mechanism  for  the  limitation  of  steady-state 
creep  at  high  temperature  by  self-diffusion  is  able  to  give  a satisfactory 
qualitative  explanation  of  the  strong  temperature  and  pressure  dependence 
of  the  steady-state  creep  rate  of  single  crystals  of  pure  silver  bromide.  A 
reasonable  choice  of  parameters  appearing  in  a model  derived  from  it  can 
give  also  the  correct  order  of  magnitude  for  Cottrell  and  Aytekin's  results 
on  zinc,  and,  if  an  assumption  of  the  diffusion  coefficient  of  Br  be  made,  for 
the  present  results  on  AgBr  at  higher  stress  levels.  Although  the  results 
appear  to  support  Mott's  theory,  a detailed  test  of  the  calculation  based  on 
it  must  await  measurement  of  quantities  which  are  at  present  unknown.  The 
square- root- of- stress  activation  energy  dependence  suggests  a mechanism 
involving  the  interference  of  Frank- Read  sources  on  different  slip  planes. 
The  Nabarro  mechanism  apparently  does  not  make  a significant  contribution 
to  the  creep  in  the  range  of  the  experiments.  At  low  stresses,  the  creep 
rate  in  AgBr  is  believed  to  be  controlled  by  the  interaction  of  impurities 
with  dislocations. 
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THE  CHANGE  OF  FERROMAGNETIC  CURIE  POINTS 
WITH  HYDROSTATIC  PRESSURE* 


Lyle  Patrick** 

(Submitted  to  The  Physical  Review) 

Abstract 

The  effect  of  pressure  on  the  Curie  temperature  has  been  measured 
for  13  ferromagnetic  materials,  comprising  4 elements  (Fe,  Co.  Ni,  Gd), 

7 metallic  alloys,  a ferrite  and  a perovskite.  Curie  points  ranged  from 
16°C  (Gd)  to  1120°C  (Co),  and  pressures  up  to  9000  Atm.  The  results  are 
in  disagreement  with  two  common  forms  of  the  interaction  curve.  The  re- 
sult obtained  for  Fe  is  not  in  agreement  with  the  prediction  of  Kornetzki, 
based  on  volume  magnetostriction  measurements  between  20°C  and  100°C. 

I.  Introduction 

Importance  of  Interatomic  Distance 

The  effect  of  pressure  is  considered  to  be  that  due  to  the  change  pro- 
duced in  interatomic  distance,  which  is  known  to  be  an  important  parame- 
ter in  the  strength  of  magnetic  interaction.  Slater^  first  pointed  out  that 
ferromagnetism  occurs  only  in  those  elements  in  which  there  is  a large 
ratio  of  interatomic  distance,  D,  to  diameter  of  unfilled  inner  shell,  d (usu- 
ally a d shell,  but  in  Gd  it  is  the  4f  shell).  An  accurate  calculation  of  the 
magnetic  interaction  is  still  impossible  at  the  present  stage  of  the  theory, 
but  the  several  theoretical  approaches  all  agree  on  certain  qualitative  fea- 
tures of  the  interaction  curve  (i.e.,  the  curve  showing  the  strength  of  the 
interaction  as  a function  of  interatomic  distance). 

Sommerfeld  and  Bethe^  discussed  the  type  of  wave  function  necessary 
to  give  a positive  exchange  integral  in  the  Heisenberg  theory,  and  they  drew 
a curve  (Fig.  1)  to  show  qualitatively  the  features  of  this  positive  range. 

The  band  theory  and  Zener's  theory  both  agree  that  ferromagnetism  is  not 
possible  for  very  small  or  very  large  values  of  D,  but  the  width  of  the  ferro- 
magnetic range  is  still  an  unsettled  question.  The  salts  of  ferromagnetic 
elements,  in  which  D is  large,  are  paramagnetic  rather  than  weakly  ferro- 
magnetic. On  the  other  hand,  Zener^  has  pointed  out  the  importance  of  con- 
duction electrons  in  coupling  the  d shell  spins.  The  salts  may  be  paramag- 
netic because  of  the  absence  of  conduction  electrons. 

The  Forrer  Correlation 

Forrer^  has  made  a correlation  of  magnetic  interaction  with  interatom- 
ic distance,  D,  for  Mn,  Cr,  Fe,  Co,  Ni  and  their  compounds  in  which  these 
elements  retain  their  characteristic  moments  and  in  which  coupling  does  not 
occur  through  intermediate  atoms  by  the  superexchange  mechanism.  He 
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finds  that  as  D increases  the  interaction  changes,  for  each  element,  from 
antiferromagnetic  to  ferromagnetic  and  then  to  paramagnetic.  The  ferro- 
magnetic range  is  roughly  10%  of  D— perhaps  as  little  as  5%  in  Co.  How- 
ever, one  must  consider  Zener's  remarks  about  conduction  electrons.  The 
Forrer  correlation  overlooks  the  fact  that  the  range  of  D in  metals  is  rath- 
er limited.  Dilution  of  ferromagnetic  elements  to  increase  the  average  dis- 
tance does  not  work  in  metallic  alloys  because  the  conduction  electrons  of 
the  added  metal  apparently  fill  the  d band  of  the  ferromagnetic  element.  The 
reduction  of  Curie  point  in  such  cases  is  due  to  a reduction  of  average  mo- 
ment rather  than  to  any  distance  effect.  Perhaps  the  ferromagnetic  range 
would  be  much  greater  than  10%  if  this  range  could  be  obtained  in  metals. 

A narrow  ferromagnetic  range,  as  suggested  by  the  Forrer  correlation, 
has  consequences  for  the  present  experiment.  A pressure  of  10,000  Atm, 
which  is  available  in  the  laboratory  for  an  experiment  of  this  type,  changes 
D by  only  about  0.2%,  using  an  average  value  for  the  compressibility  of  met- 
als. This  means  that  it  is  impossible  to  measure  any  large  portion  of  the 
interaction  curve,  but  the  change  of  Curie  point  with  pressure  does  give  the 
slope  at  a single  point.  If  in  Co  the  Curie  temperature  rises  to  1400°K  and 
falls  to  zero  again  within  a range  of  5%  of  D,  the  average  rate  of  rise  or  fall 
must  be  over  10°  per  1000  Atm.  For  Fe  this  figure  is  about  4°.  This  means 
that  changes  of  this  order  of  magnitude  should  be  expected  if  the  ferromag- 
netic range  is  as  limited  as  Forrer  suggests. 

Interaction  Curves 

The  Forrer  correlation  is  an  attempt  to  define  the  ferromagnetic  range 
for  single  elements.  The  suggestion  of  Slater  that  D/d  is  the  significant  par- 
ameter for  ferromagnetic  interaction  has  led  to  attempts  to  draw  a general- 
ized interaction  curve  to  include  all  ferromagnetic  elements.  The  assump- 
tion is  that  D and  d are  the  only  important  parameters  in  the  strength  of 
magnetic  interaction;  so  a correlation  is  attempted,  using  a function  of  D 
and  d as  a "reduced"  distance.  Such  attempts  must  prove  futile  if  other  im- 
portant parameters  exist  (e.g.,  conductivity). 

Fig.  2 shows  one  such  curve,  drawn  by  Bozorth.^  In  this,  Curie  tem- 
peratures are  plotted  against  D/d.  However,  the  Curie  temperature  on  the 


Fig.  1.  Bethe  Interaction  Curve. 


Fig.  2.  Bozorth  Interaction  Curve.  Fig.  3.  Neel  Interaction  Curve. 
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assumption  of  a Weiss  inner  field,  is  proportional  to  in  which  ^ is 

the  atomic  moment  and  N the  Weiss  field  constant;  and  ^ seems  to  be 
characteristic  of  the  element,  independent  of  D (the  examples  given  by 
Forrer  show  this).  Hence  it  would  seem  to  be  more  logical  to  plot  N as 
ordinate  instead  of  the  Curie  temperature,  in  which  case  Ni,  having  the 
highest  value  of  N,  is  at  the  top  of  the  curve. 

Neel®  has  plotted  N/z  against  D-d,  as  shown  in  Fig.  3 (z  is  the  number 
of  nearest  neighbors).  He  includes  an  antiferromagnetic  range  and  has  al- 
so extended  the  correlation  to  include  interactions  between  different  atoms 
in  alloys.  Iron,  however,  can  be  included  only  by  assuming  that  next  near- 
est neighbors  are  responsible  for  the  ferromagnetism,  the  nearest  neigh- 
bors being  near  the  point  where  the  curve  crosses  the  axis,  and  therefore 
ineffective.  He  has  found  further  evidence  to  support  this  curve;  and  has 
predicted  an  increase  of  Curie  point  with  pressure  in  Fe  of  0.79°  per  1000 
Atm  and  decreases  in  Co  and  Ni  of  4.6°  and  0.13°  respectively. 

Reciprocal  Effects 

If  a change  of  volume  alters  the  magnetic  interaction  there  should  be  a 
reciprocal  effect  in  which  the  change  of  intrinsic  magnetization  by  a high 
field  changes  the  volume  of  a ferromagnet.  This  effect  has  been  measured 
as  the  volume  magnetostriction  and  more  will  be  said  of  it  later.  Also,  the 
loss  of  magnetization  as  the  temperature  is  raised  has  an  effect  on  the  vol- 
ume which  shows  up  as  an  abnormal  thermal  expansion.  This  may  be  large 
enough,  as  in  Invar,  to  compensate  the  normal  thermal  expansion  over  a 
certain  temperature  range.  Both  effects  have  been  used  to  estimate  the  vol- 
ume dependence  of  the  interaction. 

II.  Previous  Results 

There  have  been  several  unsuccessful  or  partially  successful  attempts 
to  measure  the  change  of  Curie  point  with  pressure.  A short  description  of 
each  of  these  will  be  given.  Following  this , a summary  will  be  given  of  es- 
timates of  the  change  to  be  expected,  based  on  the  indications  obtained  from 
volume  magnetostriction  data  and  from  estimates  of  the  anomalous  thermal 
expansion. 

Measurements  using  High  Pressure 

In  1931  Adams  and  Green^  used  the  method  which  has  been  adopted  for 
the  present  experiment;  they  used  the  sample  as  the  core  of  a transformer 
and,  with  a constant  small  alternating  current  supplied  to  the  primary,  they 
measured  the  output  of  the  secondary  as  a function  of  temperature.  The  drop 
in  output  at  the  Curie  temperature  is  very  sharp,  and  although  it  does  not  de- 
fine the  Curie  point  in  the  conventional  way,  the  method  is  very  satisfactory 
for  finding  a change  in  Curie  point.  Unfortunately  Adams  and  Green  could  not 
obtain  a stable  temperature  in  their  pressure  apparatus.  CO2  was  used  as 
a pressure  fluid  and  there  were  strong  convection  currents  set  up  in  it  by 
the  internal  furnace.  Their  results  indicate  an  uncertainty  in  temperature 
of  about  5°,  and  this  masked  all  changes. 

Steinberger®  did  not  attempt  to  measure  the  change  of  Curie  tempera- 
ture, but  observed  a change  from  ferromagnetic  to  paramagnetic  for  a 30Ni 
70  FE  alloy  under  pressure  applied  at  room  temperature.  The  great  change 
was  undoubtedly  due  to  a change  of  Curie  point,  but  Steinberger  described  it 
in  terms  of  a change  in  permeability. 

Michels  et  al."  have  made  measurements  on  two  Monel  alloys,  using  the 
change  of  slope  of  the  resistance  vs  T curve  as  an  indication  of  the  Curie 
point.  The  ferromagnetic  ordering  lowers  the  resistance  of  a metal,  and 
results  in  a change  of  slope  of  the  curve  R vs  T at  the  Curie  point.  This, 
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however,  is  not  sharp  in  practice,  and  an  extrapolation  procedure  must  be 
set  up  to  define  the  Curie  temperature.  The  method  requires  very  accurate 
resistance  measurements  over  large  temperature  intervals  and  is  compli- 
cated by  the  fact  that  resistance  also  changes  with  pressure. 

Ebert  and  Kussman^^  used  large  fields  to  obtain  I vs  T curves,  using 
special  non-magrietic  pressure  bombs.  The  purpose  was  to  define  the  Curie 
point  in  the  conventional  way  under  pressure,  but  the  great  experimental 
difficulties  made  accuracy  impossible,  and  small  changes  could  not  be  de- 
tected. In  the  alloy  in  which  a large  change  was  to  be  expected  (30Ni  70Fe) 
the  I vs  T curve  drops  so  slowly  that  the  conventional  method  of  defining 
the  Curie  point  is  not  very  useful.  They  decided  that  no  change  of  Curie 
point  had  been  observed,  but  Kornetzki^^  later  reinterpreted  their  data  and 
concluded  that  there  had  been  a change  of  Curie  point.  A criticism  of  Ebert 
and  Kussman's  methods  and  conclusions  has  been  given  by  Michels  and 
deGroot.  ^2 

Predictions  based  on  the  Reciprocal  Effects 

The  predicted  changes  of  Curie  point  with  pressure  are  based  on  meas- 
urements of  the  thermal  expansion  anomaly,  or  on  measurements  of  volume 
magnetostriction.  The  latter  cannot  be  carried  out  at  high  temperatures, 
so  they  actually  indicate  the  volume  dependence  of  the  magnetic  interaction 
at  the  temperature  at  which  they  are  carried  out.  This  will  be  discussed  un- 
der the  results  on  P'e  and  P'e-Si  alloys. 

Slater^2  ^^s  used  the  Clapeyron  equation  as  if  the  transformation  from 
magnetic  to  non-magnetic  state  were  first  order.  The  equation  may  be  writ- 
ten dfl  /dp  = AV / ^ S in  which  9 is  the  Curie  temperature.  The  volume 
change  is  estimated  from  the  thermal  expansion  anomaly,  and  the  disorder- 
ing entropy  may  be  calculated,  assuming  dipoles  with  two  orientations.  On- 
ly order  of  magnitude  is  hoped  for.  For  Ni,  Slater  has  estimated  an  increase 
of  Curie  point  with  pressure  of  0.05°  per  1000  Atm. 

If  the  transition  it  treated  as  second  order  the  corresponding  Ehrenfest 
relation  is  d^  /dp  = 3TV  ^cc  / ACp  in  which  <x  is  the  linear  coefficient  of 
expansion  and  Cp  the  specific  heat.  These  quantities  do  not  show  sharp  dis- 
continuities at  the  Curie  point  but  an  extrapolation  method  must  be  used. 

For  Ni,  Michels  and  de  Groot^2  uj^ed  average  values  of  several  determina- 
tions of  Aoc  and  £iCp  and  estimated  the  increase  of  Curie  point  with  pres- 
sure to  be  0.35°  per  fOOO  Atm  which  is  in  agreement  with  the  result  obtained 
in  the  present  experiment.  Ni  was  the  only  element  for  which  sufficiently 
accurate  experimental  data  were  available. 

In  order  to  relate  volume  magnetostriction  and  change  of  Curie  point 
with  pressure  Kornetzki^'^  has  used  the  thermodynamic  relation  dV/dH)p  = 
-dM/dP)j{  where  M is  the  total  moment,  and  the  assumption  that  the  magnet- 
ization per  gram,  <T~  , is  given  by  a relation  of  the  form  <3"=  f{TlS  ).  The 
relation  derived  from  these  is 


1_  d 9 ^ l_  ~^~H 

6 3P  T 3oJ  to  •• 

'r  3 T ■ K d 

in  which  (o  is  the  fractional  change  of  volume,  ^ is  the  density,  the  lin- 
ear thermal  expansion  coefficient,  and  K the  compressibility.  For  Fe,  Kor- 
netzki  made  measurements  of  volume  magnetostriction  between  20°C  and 
100°C  and  predicted  a decrease  of  Curie  point  with  pressure  of  5 to  10  de- 
grees per  1000  Atm. 
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III.  Experimental  Procedure 


Transformer  Method 

The  experimental  method  used  is  similar  to  that  of  Adams  and  Green, ^ 
using  the  magnetic  material  as  the  core  of  a transformer,  as  shown  in  Fig. 

4,  which  shows  the  necessary  equipment  except  for  the  pressure  and  fur- 
nace systems.  The  primary  and  secondary  coi's  are  wound  on  opposite  arms 
of  the  picture  frame  sample  so  as  to  have  very  little  direct  coupling.  The 
linkage  is  essentially  through  the  sample  only,  and  this  fails  at  the  Curie 
temperature. 


|AUOO  OSCILLATOR 
HP  205-A 


p 

n 

amplifier 

c 

n 

5 

GR  12  31  B 
WITH  filter 

vacuum 

TUBE 

VOLT- 

METER, 

5BJ2JzA 

sample  as  transformer 

IN  PRESSURE  BOMB 


Fig.  4.  Schematic  diagram  of  experimental  set-up. 


A constant  1000  cycle  current  is  supplied  to  the  primary  and  the  signal 
from  the  secondary  is  amplified,  then  measured  as  a function  of  temperature. 
The  primary  current  was  of  the  order  of  0.1  amp,  giving  a magnetizing  field 
of  the  order  of  1 Oersted;  and  the  secondary  volage  was  amplified  to  about 
10  V,  then  read  on  the  vacuum-tube  voltmeter. 

The  character  of  the  output  curve  varies  greatly  from  sample  to  sam- 
ple, but  usually  has  the  general  features  of  Fig.  5.  There  is  an  inflection 

point  between  A and  B and  a very  nearly 
linear  portion  in  most  cases  from  90% 
of  maximum  output  to  10%.  If  the  max- 
imum output  remains  the  same  under 
pressure,  curves  taken  at  different  pres- 
sures are  simply  translated  along  the 
temperature  axis  by  the  amount  of  the 
change  of  Curie  point,  and  this  change 
is  well  defined  even  though  the  initial 
permeability  curves  are  not  used  to  de- 
fine the  Curie  point  itself.  If  the  maxi- 
mum output  should  change,  a scale  ad- 
justment would  have  to  be  made  before 
comparing  the  curves,  and  the  interpre- 
tation would  not  be  so  simple.  Fortunately  no  change  over  10%  in  the  max- 
imum output  under  pressure  ever  occurred  except  in  the  two  cases  where 
it  was  difficult  to  get  the  sample  in  the  usual  form  and  iron  was  used  to 
complete  the  magnetic  circuit.  The  initial  permeability  of  Fe  at  room  tem- 
perature is  depressed  by  pressure,  as  was  shown  by  Steinbei  ger;®  but  near 
the  Curie  point  the  initial  permeability  seems  to  be  unaffected  by  pressure. 

The  temperature  range  over  which  the  drop  from  90%  of  maximum  out- 
put to  10%  occurs  is  small  in  the  elements  (1.5  for  Ni,  as  can  be  seen  in 
Fig.  11);  and  it  is  small  in  alloys  if  the  Curie  point  does  not  depend  much 
on  the  composition  (as  in  68  Permalloy),  and  it  is  small  if  the  alloy  is  very 
homogeneous  (as  in  Alumel,  a fully  annealed  thermocouple  wire).  On  the 
other  hand  Compensator  alloy  (70  Fe  30Ni)  is  an  example  of  a sample  in 
which  the  drop  occurs  over  a wide  temperature  range;  nevertheless,  the 
change  under  pressure  is  a simple  translation  along  the  temperature  axis. 

Measurements  were  made  with  different  primary  currents  to  verify 
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Fig.  5.  General  form  of  tem- 
perature dependence  of  volt- 
age in  secondary  winding. 


that  changes  found  were  independent  of  the  field.  To  detect  irreversible  ef- 
fects measurements  were  made  with  falling  and  with  rising  temperatures, 
and  after  increases  and  decreases  of  pressure.  No  irreversible  changes 
were  found.  Measurements  were  made  at  several  pressures;  within  experi- 
mental error  any  changes  were  linear  with  pressure. 

Pressure  Equipment 

In  the  application  of  pressure  two  separate  sets  of  pressure  equipment 
were  used.  One  is  designed  to  use  a liquid  as  the  pressure  fluid,  and  the 
other  is  designed  to  use  a gas;  these  will  be  referred  to  as  the  liquid  sys- 
tem and  the  gas  system. 

4 liquid  system  has  been  described  by  Bridgman.  It  is  used  for  tem- 
perature up  to  400°C,  and  the  fact  that  an  external  furnace  is  used  to  heat 
the  entire  pressure  bomb  means  that  there  is  good  temperature  stability  and 
a large  gradient- free  experimental  region. 

The  gas  system  is  used  for  higher  temperatures  (up  to  1120°).  No  liq- 
uid is  known  which  will  not  decompose  or  react  with  other  parts  of  the  sys- 
tem at  high  temperatures,  so  an  inert  gas  must  be  used,  and  argon  has  been 
found  to  be  satisfactory.  Also  the  hardened  steel  of  the  bombs  softens  with 
consequent  rupture  if  it  is  heated  for  long  periods  at  high  temperatures. 
Therefore  an  internal  furnace,  insulated  from  the  bomb,  must  be  used.  A 
gas  system  has  been  described  by  Yoder. 

Furnace  Design 

For  the  liquid  system  the  whole  bomb  is  heated  externally.  With  an  in- 
ternal thermocouple  it  was  found  to  be  quite  satisfactory  to  make  measure- 
ments while  allowing  the  temperature  to  drift  at  a rate  of  several  degrees 
per  hour.  For  Gd  the  bomb  was  cooled  with  dry  ice,  and  measurements 
were  made  while  it  warmed  up,  which  took  several  hours. 

The  furnace  design  for  the  gas  system  is  much  more  critical.  Three 
things  must  be  kept  in  mind— 

(1)  Insulating  material  should  be  of  the  non-porous  type,  so  as  not  to 
be  penetrated  by  the  argon  under  pressure.  Lavite  was  found  to  be  very 
good.  The  heat  loss  is  more  than  doubled  if  ordinary  firebrick  is  used. 

(2)  Convection  currents  in  the  argon  must  be  cut  down  to  avoid  high 
heat  loss,  and  to  achieve  stable  temperatures.  For  this  purpose,  Yoder^® 
used  a horizontal  bomb.  With  a vertical  bomb,  the  closed  top  furnace  shown 
in  Fig.  6 was  found  to  use  only  half  the  power  of  one  which  ran  the  whole 
length  of  the  lavite  cylinder  A;  and  the  temperature  stability  was  greatly  in- 
creased. 

(3)  All  space  should  be  filled.  This  makes  it  easier  to  reach  high  pres- 
sures and  also  cuts  down  the  convection  currents.  Lavite  was  used  not  on- 
ly between  furnace  and  bomb  (A  and  D in  F'ig.  6)  but  also  within  the  fused 
quartz  cylinder  (B  and  D in  Fig.  7)  to  fill  space  on  both  sides  of  the  sample. 

The  heat  capacity  of  the  furnace  is  small  and  the  heat  loss  is  high  un- 
der pressure,  so  it  is  difficult  to  hold  the  temperature  constant.  Two  variacs 
were  used  to  control  the  input  voltage;  the  second,  in  conjunction  with  a step- 
down  transformer,  permitted  fine  adjustment  (7.5  V full  scale)  and  the  tem- 
perature could  be  controlled  by  voltage  adjustment  so  that  the  rate  of  drift 
was  about  1°  in  3 minutes;  this  was  good  enough  to  permit  fairly  accurate 
readings  of  temperature  and  secondary  output. 

Sample  Design 

In  the  liquid  system  the  size  of  sample  is  limited  only  by  the  internal 
dimensions  of  the  bomb  itself,  as  this  region  is  a uniform  temperature.  In 
the  gas  system,  however,  the  bomb  is  cool  (about  100°C),  so  only  a small 
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Fig.  6.  Plug  with  furnace  and  insulation  for  gas 
system. 
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Lavite  cylinder  3 inches  high. 

Furnace  2-1/2  inches  high  within  lavite 
insulation. 

Sample. 

Lavite  plate,  insulating  furnace  from  plug. 
Electrically  insulated  cone  at  which  a wire 
enters  the  high  pressure  region. 

Shoulder  against  which  high  pressure  seal 
is  made. 

One  of  seven  insulated  wires  entering  bomb. 
External  electrical  connection. 

Furnace  with  inner  parts. 

Fused  quartz  tube  wound  with  .015  inch  Pt 
wire. 

Lavite  cylinder  above  sample. 

Nickel  ring  suri  ounding  sample. 

Lavite  cylinder  below  sample. 

Electrically  insulated  wire  from  sample  to 
cone. 


Sample  with  windings. 

Thermocouple  junction  between  two  rings. 
B and  C - Primary  and  secondary  windings. 


region  at  the  center  of  the  furnace  is  gradient- free , and  the  sample  must  be 
quite  small.  It  consisted  of  two  rings  of  the  shape  shown  in  Fig.  8,  maxi- 
mum diameter  about  1/2  inch,  held  together  by  screws,  and  with  the  thermo- 
couple wires  between  them.  Total  thickness  is  about  1/20  inch.  Mica  rings 
of  the  same  shape  above  and  below  provided  insulation  for  the  two  windings, 
which  were  about  5 turns  each  of  chromel  wire.  This  wire  holds  its  shape 
well  after  being  bent,  and  no  cement  was  used.  A nickel  ring  1/4  inch  high 
(C  of  Fig.  7)  which  just  fit  into  the  quartz  tube,  was  used  to  surround  the 
sample  in  order  to  smooth  out  the  temperature  gradients.  This  was  sepa- 
rated from  the  sample  by  mica.  When  this  assmely  was  placed  at  the  hot 
spot  of  the  furnace  (C  of  Fig.  6)  the  sample  was  free  of  gradient,  as  could 
be  verified  by  the  sharp  drop  of  secondary  output  at  the  Curie  point.  When 
the  double  ring  sample  was  placed  in  a temperature  gradient  the  drop  ac- 
cured  in  two  sections,  with  a plateau  at  the  half-way  point.  With  no  gradi- 
ent in  the  sample  the  temperature  reading  could  be  considered  to  be  that 
of  the  sample,  as  the  thermocouple  wires  then  came  out  from  between  the 
rings  for  about  1/4  inch  in  a gradient- free  region. 

Temperature  Measurement 

For  the  liquid  system  it  is  convenient  to  have  a thermocouple  within  the 
bomb,  so  that  accurate  measurements  may  be  made  while  the  temperature 
is  drifting  slowly.  For  the  gas  system  an  internal  thermocouple  is  essential 
because  of  the  large  temperature  gradients. 

Birch^^  has  investigated  the  effect  of  pressure  on  thermal  emf. , and  the 
chromel-alumel  couple  was  found  to  be  independent  of  pressure  within  10  mi- 
crovolts as  far  as  the  calibration  was  carried  (580°C  and  4000  Atm).  The 
entire  path,  including  wire  in  the  plug  auid  the  insulated  cone  (G  and  E in  Fig. 
6)  must  be  of  thermocouple  wire.  This  is  especially  important  in  the  gas 
system,  as  strong  temperature  gradients  exist  in  just  these  places.  It  was 
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found  possible  to  obtain  heavy  chromel  and  alumel  wire  stock  from  which 
the  cones  were  machined.  However,  there  is  still  the  problem  that  the  com- 
plete circuit  is  made  up  of  three  different  wires  (the  internal  thermocouple, 
the  cone,  and  the  wire  in  the  plug)  and  a perfect  match  of  thermoelectric 
powers  of  these  wires  is  impossible,  so  that  a redistribution  of  gradients 
may  look  like  a change  of  temperature.  Such  a redistribution  does  not  oc- 
cur in  the  liquid  system  when  pressure  is  applied,  but  in  the  gas  system 
the  furnace  power  requirement  doubles  under  pressure,  and  a redistribu- 
tion of  gradients  is  certainly  to  be  expected.  It  was  found  that  nearly  all  the 
change  in  power  requirement  occurred  between  1 and  400  Atm  and  corre- 
sponding to  this  was  an  apparent  Curie  point  change  of  2 nr  3 degrees.  Hence 
measurements  below  1000  Atm  were  not  used.  Measurements  on  Ni  were 
made  in  both  systems,  and  the  results  checked  completely  if  data  above  1000 
Atm  were  used. 

It  should  he  emphasized  that  the  precautionary  measures  are  all  for  the 
purpose  of  measuring  temperature  changes  under  pressure.  The  Curie  tem- 
perature itself  does  not  enter  into  the  experimental  results,  and  need  not  be 
known  very  accurately. 

It  will  be  noticed  that  measurements  have  been  made  using  the  thermo- 
couple beyond  its  calibrated  range;  both  temperature  and  pressure  exceed 
the  limits  of  Birch's  calibration.  The  .assumption  is  made  that  the  thermo- 
electric power  continues  to  be  independent  of  pressure,  but  it  would  be  de- 
sirable to  have  an  extension  of  the  calibration. 

Pressure  Measurements 

Pressure  measurements  are  made  by  finding  the  change  in  resistance 
of  a manganin  wire  gauge;  this  is  the  standard  method  and  has  been  well  cal- 
ibrated. The  uncertainty  (of  about  0.1%)  is  insignificant  in  this  experi- 
ment. 


IV.  Results 

The  results  are  given  in  Figs.  9 and  10  and  in  Table  I.  Fig.  9 shows  the 
change  in  Curie  point  vs  pressure  for  the  8 samples  for  which  the  liquid  sys- 
tem was  used.  Consistent  results  are  obtained  in  each  case,  although  the 
change  is  so  small  for  Monel  and  Alumel  that  it  is  about  the  same  order  of 
magnitude  as  the  uncertainty  in  Birch's  pressure  calibration  of  the  thermo- 
couple. Fig.  10  shows  the  results  for  the  5 samples  for  which  the  gas  sys- 
tem was  used,  but  plotted  in  a different  way.  As  explained  above,  the  read- 
ings for  1 Atm  could  not  be  used.  Also  the  reproducibility  was  not  as  good 
as  in  the  liquid  system  because  of  slow  changes  in  the  rate  of  heat  loss  or 
because  of  corrosion  of  the  thermocouple  wires.  Hence  it  was  thought  that 
the  best  results  were  those  got  by  noting  the  change  of  Curie  point  following 
a change  of  pressure.  For  this  reason  the  abscissa  zero  represents  the 
initial  pressure,  whatever  that  might  be.  For  example,  if  the  initial  pres- 
sure was  4000  Atm,  a change  to  6000  Atm  would  be  recorded  as  +2000  Atm 
and  the  corresponding  Curie  point  change  noted.  If  the  pressure  were  then 
reduced  from  6000  to  2000  Atm  the  pressure  change  would  be  recorded  as 
-4000  Atm. 

It  will  be  noticed  that  there  is  considerable  scatter  of  the  experimental 
results  for  all  samples  for  which  the  gas  system,  was  used.  In  all  cases  the 
change  of  Curie  point  is  of  the  same  order  of  magnitude  as  the  experimen- 
tal error.  There  is  also  additional  uncertainty  in  the  thermocouple  readings 
because  these  high  temperatures  go  beyond  the  range  of  the  thermocouple 
calibration  for  the  pressure  effect.  However,  the  results  seem  to  indicate 
that  the  change  is  very  much  smaller  than  that  predicted  for  Fe  by  Kornetzki 
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Fig.  10.  Change  of  Curie  point  vs  change  of  pressure  for  5 
samples  measured  in  the  gas  system. 
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TABLE  1 

Change  of  Curie  Point  with  Pressure 


Sample 

Approx. 
Curie  temp. 

Degrees  change 
per  1000  Atm. 

(+  indicates  increase) 

Predicted 

Change 

Fe 

770 

0 lo.i 

0.79  (Ref.  6) 

5 to  10  (Ref.  11) 

Co 

1 120 

0 1 1 

4.6  (Ref.  6) 

Ni 

360 

+ 0.35  +0.02 

0.13  (Ref.  6) 

0.05  (Ref.  13) 

0.35  (Ref.  12) 

Gd 

16 

-1.2  +0.05 

96 Fe  4Si 

733 

-0.1  to.i 

1 

90Fe  lOSi 

615 

+ 0.2  to. 2 

Compensator 

80 

-5.8  to. 2 

5 (Ref.  11)  ' 

70Fe  30Ni 

1 

Invar 

210 

-3.6  +0.1 

64Fe  36Ni 

Permalloy 

606 

-0.1  +0.1 

68Ni  32Fe 

Monel 

50 

+ 0.07  to. 03 

0.06  (Ref.  9)  ' 

Alumel  94  Ni 

143 

+ 0.04  +0.02 

^"l/2^"l/2^^2°4 

90 

+ 0.9  to. 04 

La  _ ,-Sr  „ -MnO„ 

80 

+ 0.6  to. 04 

.75  .25  3 

or  for  Co  by  Neel. 

Table  I lists  the  change  per  1000  Atm  of  all  samples,  with  an  estimate 
of  the  experimental  error  based  on  the  scatter  in  Figs.  9 and  10.  This  as- 
sumes a linear  change  of  Curie  point  with  pressure,  and  does  not  include 
any  error  resulting  from  the  effect  of  pressure  on  th.e  thermocouple.  More 
detailed  information  on  the  pr  obable  error  can  be  obtained  from  the  curves 
of  output  vs  temperature  for  each  sample  at  different  pressures,  but  these 
are  not  reproduced  here  because  of  space  limitations. 

Chemical  Analysis  of  Samples 

The  Fe  and  Co  were  high  purity  samples  obtained  from  the  Institute's 
metallurgy  section,  and  the  Ni  was  a high  purity  sample  ( > 99.9%)  obtained 
from  Bell  Telephone  Labe.  The  Gd  was  prepared  by  A.  Moskowitz  under  the 
direction  of  Dr.  N.  H.  Nachtrieb  and  the  largest  impurity  shown  by  spectro- 
scopic analysis  was  0.1%  Fe. 

No  chemical  analysis  was  obtained  for  the  commercial  alloys  Monel, 
Alumel,  Invar  and  Permalloy.  The  percentages  shown  in  Table  I are  the 
usual  percentages  for  these  alloys. 

The  FeSi  alloys  reported  as  96 Fe  4Si  and  96 Fe  lOSi  were  found  to  have 
3.5%  and  10.5%  respectively  of  Si.  The  ferrite  was  found  to  be  represented 
approximately  by  the  formula  Mn^ short  and 
the  Zn  was  5%  short).  The  Compensator  alloy  contained  29.7%  Ni.  The  for- 
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mula  La  75Si’ 25Mn03  represents  the  proportions  which  went  into  the  prep- 
aration of  this  sample— no  analysis  was  made  subsequently. 

Discussion  of  Results 

Fe  and  Fe-Si  Alloys.  Fe  is  of  special  interest  because  of  the  decrease 
of  Curie  point  with  pressure  of  5 to  10  degrees  for  1000  Atm  predicted  by 
Kornetzki,  using  volume  magnetostriction  measurements  made  between  20° 

C and  100°  C.  Smoluchowski^^  has  also  treated  this  problem  and  he  calcu- 
lated the  volume  dependence  of  the  Weiss  constant  from  the  same  data.  His 
calculations  are  N”  1 dN/dto  = 44.1  at  20°  C and  dN/d«i  = 32.2  at  100° 

C,  a marked  decrease  with  rising  temperature.  If  one  takes  the  point  of 
view  that  interatomic  distance,  D,  is  the  important  factor,  and  that  the  de- 
crease of  volume  dependence  with  temperature  is  due  to  thermal  expansion, 
then  the  conclusion  is  that  the  interaction  curve  rises  sharply  at  the  room 
temperature  value  of  D in  Fe,  but  has  reached  the  top  of  the  curve  at  770° 

C,  for  which  D is  about  1%  greater  — hence  no  change  of  Curie  point  with  pres- 
sure in  the  present  experiment.  If  this  is  so,  a large  decrease  of  Curie  tem- 
perature could  be  obtained  with  a pressure  of  50,000  Atm,  which  would  reduce 
the  lattice  constant  to  its  room  temperature  value. 

Because  50,000  Atm  is  not  available  the  experiment  was  carried  out  on 
two  Fe-Si  alloys.  Si  reduces  the  lattice  parameter  of  Fe,  and  magnetically 
appears  to  act  as  a diluent,  leaving  the  magnetic  moment  of  the  Fe  atom  un- 
changed up  to  about  5%  Si  by  weight.  The  Curie  point  is  lowered,  and  the 
combination  of  reduced  D and  lower'  Curie  point  results  in  a value  of  D at 
the  Curie  point  of  the  107o  Si  alloy  which  is  very  nearly  that  of  pjure  Fe  at 
20°  C.  If  interatomic  distance  is  the  important  parameter  in  magnetic  inter- 
action a large  decrease  of  Curie  point  with  pressure  should  have  been  ob- 
served in  the  10%  Si  alloy,  in  view  of  the  volume  dependence  shown  by  the 
magnetostriction  data. 

Cobalt.  The  result  for  Co  (no  change  with  pressure)  is  in  contradic- 
tion to  the  prediction  of  Neel  (a  decrease  of  4.6°  per  1000  Atm).  However, 
the  temperature  of  1120°  C is  far  beyond  the  580°  C to  which  the  pressure 
calibration  of  the  thermocouple  was  carried,  so  the  result  cannot  be  regard- 
ed with  the  same  certainty  as  those  for  the  other  samples. 

Nickel.  Although  here  again  the  result  differs  from  Neel's  prediction, 
there  is  rough  agreement  with  predictions  based  on  the  volume  magneto- 
striction and  on  the  thermal  expansion  anomaly.  Nickel  satisfies  all  the  re- 
quirements for  good  experimental  accuracy.  The  Curie  temperature  is  low 
enough  so  that  the  liquid  system  may  be  used,  the  drop  in  output  occurs  with- 
in 2°,  and  there  is  no  significant  change  in  permeability  under  pressure. 

Fig.  11  shows  the  output  curves  for  several  pressures. 

Gadolinium.  For  this  element  the  generalized  interaction  curves  must 
predict  an  increase  with  pressure  rather  than  the  observed  decrease.  The 
inner  incomplete  shell  is  in  this  case  the  4f  shell  with  7 electrons  (a  half- 
filled  shell),  and  its  small  size  results  in  a greater  ratio  of  D/d  and  a great- 
er value  of  D-d  than  for  any  of  the  transition  metals,  Fe,  Co  or  Ni. 

Compensator  Alloy.  This  is  similar  to  the  alloy  which  Steinberger  re- 
ported as  becoming  paramagnetic  under  pressure  (at  room  temperature). 
Kornetzki  also  predicted  a decrease  of  about  5°  per  1000  Atm.  from  volume 
magnetostriction  measurements,  which  agrees  with  the  results  found  here. 

Some  doubts  about  the  effect  of  phase  change  in  this  system  had  been 
expressed. 20  However  the  changes  with  pressure  were  found  to  be  instan- 
taneous and  reversible  and  proportional  to  the  applied  pressure;  hence  a 
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phase  change  cannot  be  responsible.  X-ray  powder  pictures  showed  that 
the  sample  was  in  the  2-phase  region;  the  amount  of  body-centered  { oc  ) 
phase  was  estimated  to  be  about  5 or  10  per  cent. 
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Fig.  11.  Secondary  voltage  vs  temperature  for  Ni 
at  several  pressures. 

Invar.  This  alloy  is  close  to  Compensator  in  composition  but  is  a sin- 
gle phase  alloy  (f.c.c.).  The  decrease  of  Curie  point  with  pressure  is  small- 
er but  of  the  same  order  of  magnitude.  The  very  abnormal  thermal  expan- 
sion gives  a good  indication  of  the  result  to  be  expected. 

Permalloy.  This  is  another  Fe-Ni  alloy,  but  one  of  the  composition 
having  scarcely  any  thermal  expansion  anomaly.  Hence  the  negligible  change 
of  Curie  point  with  pressure  was  to  be  expected. 

Monel.  The  change  here  is  in  agreement  with  that  found  by  Michels  et. 
al . 

La  75Sr  2 5’Vln03.  For  this  ceramic  type  material  (perovskita  crystal 
structure)  Zener^t  has  proposed  a formula  relating  conductivity  and  Curie 
point.  It  would  therefore  be  interesting  to  compare  change  of  Curie  point 
with  change  of  conductivity  under  pressure.  However,  the  formula  applies 
only  in  the  temperature  range  in  which  the  conductivity  is  metallic,  which 
would  be  at  low  temperatures  in  this  case,  since  the  material  is  a semicon- 
ductor at  room  temperature. 


V.  Conclusions 

The  generalized  interaction  curves  shown  in  Figs.  2 and  3 are  not  con- 
sistent with  the  results  of  this  experiment.  Apart  from  the  objection  to 
plotting  the  Curie  point  in  Fig.  2 which  was  mentioned  earlier,  this  curve 
would  predict  an  increase  of  Curie  point  for  Gd  instead  of  a decrease,  a 
large  decrease  for  Fe  instead  of  no  change,  and  a largei'  increase  for  Ni 
than  was  observed. 

Neel's  predictions  for  Fe,  Co  and  Ni  are  not  confirmed.  Fig.  3 does 
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not  include  Gd,  but  if  the  same  rules  had  been  used  for  placing  it  on  the 
curve,  Fig.  3 would  also  predict  an  increase.  In  fact,  the  only  element  for 
which  both  curves  would  predict  the  same  change  would  be  Gd,  and  the  pre- 
dicted change  would  be  wrong. 

The  Forrer  correlation  would  lead  one  to  expect  much  larger  changes 
than  are  observed.  This  suggests  that  the  ferromagnetic  range  may  be 
much  wider  than  10%  of  D in  metals,  and  that  the  conduction  electrons  may 
play  a role  in  the  interaction,  as  outlined  by  Zener.  If  this  is  so  it  explains 
the  failure  of  the  generalized  interaction  curves  also,  as  they  would  then  be 
omitting  an  important  parameter.  The  results  on  Fe  and  the  Fe-Si  alloys 
also  tend  to  show  that  interatomic  distance  is  not  an  all-important  param- 
eter. 

One  may  still  suppose  that  the  interaction  curve  for  a single  element 
takes  the  form  of  Fig.  1.  The  fact  that  some  large  decreases  of  Curie 
point  with  pressure  have  been  found  but  no  large  increases  suggests  that 
there  may  be  a steep  rise  of  the  interaction  curve  as  it  cros.ses  over  from 
the  antiferromagnetic  region,  but  only  a gradual  fall  at  large  D.  This  is 
supported  by  the  fact  that  there  are  no  large  values  of  negative  volume  mag- 
netosti’iction  reported,  nor  large  positive  thermal  expansion  anomalies. 
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